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This tiH'sis d<'als with morphological features of equatorial sprPad F darificd by 
th<' satellite m<'a~urern<'n!s, i.<'., S<'~onal-longitudinal dfN:t of spr<'ad F occurrence. 
The physical mechanism producing scawnal and lon!;iludinal vilriations is discussed 
theoretically and numerically. 
The occurrence probability of topside spread F is examined based on the ISS-
b (Ionosphere Sounding Satellite -b) ionograms. Spread echo traces arc identified 
from the digital ionogram data with the aid of a computer instead of gent~rally-used 
manual scaling by eye. Global distribution maps of spread F are derived as a form 
of occurrence probability for three different periods, August-December, \ ovember-
~l arch, and Pcbruary-J une. These maps of occurrence probability revealed many 
global perspectives of spread F such as large occurrence probability at high and 
equatorial latitudes with relatively quiescent regions at around 30° in magnetic lat-
itude in both hemispheres. .\lost important finding among them is a significant and 
systematic longitudinal-seasonal variation in the occurrence of equatorial spread F 
(ESF). The longitudes of high occurrence probability appear to be characterized by 
the declination angle of the earth's magnetic field. 
For further investigation of the longitudinal control of eq uatorial spread F, dis-
tribution maps of the ESF activity are derived. Because. as a nature of the orbit of 
ISS-b, a data set for four months is required to deri\'e spread F distribution maps for 
the whole globe in terms of primitive occurrence probability; a different method is 
applied here. Spread F is dealt with (Juantitatively and its index is defined for each 
ionogram. The functional fitting is applied of the spread F index to draw distribu-
tion map for each month. Thus sea::;onal and longitudinal characteristics of ESF are 
successfully separated as follows: The ESF activit)' during the northern winter pe-
riod reveals maximum enhancement at the longitudes of large westward geomagnetic 
declination angle (Atlantic longitudes), similarly, during the northern summer at the 
longitudes of large eastward declination (Pacific longitudes), and during <>q uinoctial 
sea~ons at the longitudes of small d<'clination angle ( Indian longitud<'s). 
As a next sl<'p. wp consider a possible mechanism that produc<'s above-noted 
scasonal-longi t ud i nal eff<'cl. For lh is purpose th<' background largP scalP eiPc:tron 
density distributions at the satellit<' altitude are examined. We detcrrruned lhP <'Icc-
Iron density at llw sate llite height from the str<'ngths of cosmic mclio noi!><' which 
werP record<'d sin111lt anPOusly with I hP topside soundings. The analysis is basPd on 
lh<' fad that tlw radio noise stn'n~lhs rapidly d··c rN~· bPiow lh<: local pla~rna frc-
qu<'ncy at tlw satdlite. Distrihulton maps of the t•fpc·tron dPnsity ar<' ohlainc'<l for 
typic·al nort IH'rn wi nt<'l" and surnm<'l" seasons. The H'StdLs revp;d that the larg<'-scale 
l'ic-ct ron dc'n:sily st rudurc' tend:; lobe symn1l'lric: with respect to the ma~nc't ic !'qua-
lor in tlw regions of hi~h ESF activity and a::;ymmclric in the regions of low ESF 
activity Tlwse sj mmetryja;;ymmctry features arc taken account of by the influence 
of a tran::;cqua.torial component of llwrmospheric winds in the magnetic meridional 
plant>. \\'<'propose that the chanw' in plasma distribution along the magnetic field 
line due to the transequatorial wind component plays an important role to :suppress 
the pla;;ma mstability or generation of spread F. In the mechanism proposed here 
the contributions from plasma away from the equiilor are important. However most 
existing theory of equatorial spread F, the gravitational Rayleigh-Taylor instability, 
is two-dimensional approximation in the magnetic equatorial plane. Thus we need to 
develop a non-local theory of Rayleigh-Taylor instability. 
An analytical expression of the gravitational Rayleigh-Taylor instabil ity includ-
ing the contributions from plasma away from the equator is derived. For numerical 
calculation of the growth rate, vertical and latitudinal distribution of the electron den-
sity must be known. (Zonal distribution is assumed to be uniform as a ground state.) 
As it is impossible to model the complete density d istribution based on observations 
I 
the e lectron density distribution is obtained by solving the ion continuity equations 
including dynamics for o+. :-;o+, Ot, and Xt ions. Effects of the transequatorial 
component of the thermospheric wind and the ambient E x B drift are included in 
the modeling of the ion density. The numerical calculations confirm that there exists 
an appreciable thermospheric wind effect on the growth rate of the instability as we 
have expected from lht- observations. 
So far the nomendatu re of ''equatorial spread F'' has been used without paying 
any attention to the latitud ina! extension. [ t is an interesting issue to consider whether 
the irregularities at the subtropical latitudes to lower mid latitudes are identical to the 
equatonal spread F ot mtrinsic at those latitudes. The non-local theory developed for 
the equatorial spread F is applied at subtropical to lower midla.titude region. Some 
observrd features of irregular ities by the TSS-b satell ite and others may be exp la ined 
as to be g<'rwra.tcd at those latitudes. The plasma instability at subtropical and lower 
rnidlatitud,s is shown to be the E x B drift instability driven on the bottornside. 
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l ist of Figures 
Fig. l.l. Spread F P<pmtor rcproduc<~d from Sllt;>.IAZ.\1-.:1 ( l!):)!J). ,\t tlw stations 
iu lh<' north of tlw spread F Pquator shown by th1• dash-dotted cut V••. oc-
cutrl'nce probability of spread Fin t lw Deccmbl'!" sob.t in• is hi~her than I hat 
in tlw .June solstin•. while at th<' statious in the south of it. the occurn•rw<' 
probability in the .J unf' sols tic€' is h i~lwr than that in I IH• DPcernbcr solst icc. 
'l'hl' magn<'l ic <'quat or dctcrmint>d from the magnc>tic dip angle is siH>wn by 
page 
t IH• broken cttrvc. 2 
Pig. 2.1. Typical exantplcs of ISS-b ionognun: no spread i' configuration (upper 
panel): spread F ionogram ncar the equator (middll' pan<:>!); and spr<:>ad F 
tonogram at high latitude (lower panel). The intensity of the echo is ex-
pressed with three different characters. ..1··, .. x ". and "+" for the len• Is 
corresponding to 6. l2. and 1b dB above the background noise level, resp<'c-
tively. 13 
Fig. 2.2. Time chart indicating the local solar time (LST) at the satellite as a 
function of day of the year. Only the fin;l one year from the launch is shown. 
The slanted lines indicate latitude of the satellite; the equator (heavy line), 
70° ~(dashed line), and 70°5 (dash-dotted line). The satellite trajectory on a 
given day is parallel to the \·ertical axis and upward. The letter '·s .b.'' means 
that the satellite crosses the equator from north to south (southbound). and 
" n. b.'' does from south to north (northbound). The shaded portions indicate 
nighttime. 15 
Fig. 2.3. ISS-b ionograms (upper part of each section) and indicators of vertical 
echo width (lower part of each section). Continuous line is N,, and shaded 
area is L,. The six ionograms a to I correspond to the points a to I in 
Figure 2. I. 17 
F ig. 2.4. Variation of the spread F index, S, along the sa.tellite path for on<:> 
orbital period . The ionograms corresponding to the points indicated by 
letters a to f arc shown in Figure 2.3. The shaded ar<>as, S ~ 6, denote 
spread F at high latitudes in both hemispheres and nighttime eqnalonal 
latitudes. 19 
Fig. 2.5. Contour diagram of percentage> occurrence of spread F as a function of 
magnetic (dip) latitude and local solar lime for the period from August 11 
to December 11, I 078. 22 
Fig. 2.6. Pcrcentag<' occurrence of aspcct-:wusitive scattering echoes derived from 
I ftp .\ louelte l topside sounder satellite recorded between September I 062 
and .January 196:J (after CALVERT and Scii~IIO (1 !)(j 1)). 23 
Fig. 2.7. Same as Figurc 2.5 but for th1• p<'riod from :-\ovembcr 10. 1973 lo \ l arch 
12, l!H!). 24 
Fig. 2.H. Sa.rrte H.S Figii i'C 2.5 but for llw rwriod from F'l'l)f'llili'Y !) to J IIIli' I :1, I !)7!). 25 
Pig. 2.!). Global dtstrihution map of r)l'rc:cntagc> occurrc>rH'I' of daytime Sf>rPad 
V for 1 he pt•riod from .\ugust II to Dt•cPrnbPr II. I !)7 . The dasiH•d liuc 
indical<'s lht> magrwttc l'fl'tator. 28 
IX 
f 1g. 2.1 0 Sanw as F' ia;u rl' ~. !) hut for night tim<' sprl'ad F. 2!) 
Fig. 2.11. C:loh~d dist rihution map of perc<'ntag<' O<"CIIITence of daytime spread F 
for tiH' pN1od from Novc>mlwr 10, l!)78 to \l arch 12, 1979. 30 
Fig. 2.1~ Sanw as F'ignr<' 2 I I but for nighttinw spread F. :n 
Fig. 2.13 C\>ntours of constant modified colatitude. 36 
Fig. 2.11. Global distribution maps of ESF activity. Figures 2.1·111- 2.14k cor-
respond to the 11 data. groups summarizecl in Ta.ble 2.3. The clashed curve 
represents ~he. magnetic equator. Pos~tions where plasma bubbles were ob-
served are 1nd1cated by dots (for detail see section 2.6). 37 
Fig. 2.1~ .. .\lap of the magnetic d<>clination angle cakulated from IG RF 75 model. ~os1t 1vc values den~te ~astward declination and negative westward declina-
tion. Brok<>n curve md1cate:; the magnetic equator. 39 
Pig. 2.16. Annual variation of zonal mean spread F activity at the magnetic 
equator. !h~ me!'l-n values wer~ calculated from the functional representation 
of ESF dtstnbut10n maps. W1dth of each bar corresponds to the period of 
the data group in Table 2.3. 40 
Fig. 2.17. Consecuti.ve ionograms near the equatorial crossing. Cutoff frequencies 
of the extraordmary wave are shown by triangles at the zero rage. 42 
Fig. 2.18: Variation of electron density at the satellite heights determined from 
the tonograms shown in Figure 2.17. 43 
fig. 2.1!): \'anation of electron density at the satellite heights showing abrupt 
dens1ty enhancement and depletion. 46 
Fig. 3.1 a. Electron density ill the satellite heights determined from the iono-
grams obtained at the Atlantic longitudes. Open circles denote the existence 
of zero range spread echoes. Density scale of the successive curves should 
be displaced by one order as density of 105 cm- 3 is denoted by the horizon-t~l bar(s) on ea~h curve. ~he vertical bars indicate the magnetic equator. 
\ alucs o~ the ~1ght-hand s1dc of e~ch curve give universal time (UT) and geograph1~ long1tude at the rnagnettc equator (.\1. E.). The regions of spread 
_F arc 1nd.1catcd by shaded stnps and abrupt density depletions by triangles 
111 lhP stnps. 
fi'ig. 3.1 b. Sam!' as Figure 3.1 a but for the Pacific longitudes. No spread F is 
obscrv<>d. 
rig. 3.2 .. \GC IIIIPnsity map (top) and sc:alcd pla~ma parameters (bottom). 
Fig. 3:3. Cu1pincal relations IH'twcen. Clli\' cutoff ;wd plasma pammeters; or-
dmary wave' cutoff (11), <'Xlraord1nary wa.v<' cutofr (h), and upper hybrid 
resonance' ( r) fr<'quencics. 
Fig. 3.1. C'onto•~r plots of logan! hrn of electron density ill the satellit<' hcights for !'~>rl h~'lll Win I <'I ( 11.f>p~·r pMwl) and nor I h<>rn sum mPr (lower pan rl) seasons. 






t ltP t an~•'nls ll> I 111' magnetic mPridJOnal plane at th•' lll<\~11<'1 ir t>qu:~to1 .for 
two typical c:t.-;c•:;; longttud<>s of maXIIllllllll'i\::.lwarcl and W•'slward cl•·dlltaiH•n 
anglc•s. 
Fig. :J .. j. Latitudinal disl nbu t ion of t•lt>ctron dPnsity at t lw sat ••I lite> hci~hts nlon~ 
1 ht' dash-dot tcd lin•·s 111 Figurc 3. I l'ht> upper two parwls arc for 1 ht' tltlrt h-
Nn winl•'r :wason and thc low<'r two arP for the nmt h<'rn summer ;o;!'ason . 
l'ht> ldt two parwb are for the .\tlantk r<';;ion and th•• right two nr<' for tlw 
Pacific region. 
Fi~. :l.6rt. Contour plots of logarithm of l'lcctron d<>nsity in the plane parallel 
' to the sate !lit<' t raj!'ctory. !he orbit c~·osses lh~ magnetic equat~r at 12: W 
longitude (over the Atlant.tc Ocean) .. fhe verttcal <>l<'c~ron. denstly prohlcs 
arc derived by the real hetght analysts of the consecutive 1onograms along 
the orbital path . The letter "P" denotes the F layer peak. Spread F trac-es 
appear in the region below the let.ters "F". The magnetic field line crossing 
the magnetic <'(]llalor al 1000 km IS shown by the broken cur\'e. 
Fig. :J.6b. Same as Figure 3.6a but at the longitude of 1.56° \V (over the Pacific 
60 
62 
Ocean). ~o spread F is observed. 63 
Fig. 3.7. Driving forces based on the .\ISIS empirical thcrmospheric m?del: con~­
ponents parallel to lh~ magnetic fie!~ ( upp.er P.anel) and perpen~tcular ~o !t 
(lower panel) for a vane~y of ma:gnettc declmatt.on an~les; 10 , -2 , and -20., 
which represent the Pac1fic, lndtan, and Atlanttc longttudes at the mal?nct tc 
equator, respectively. Positive forces denote eastward for the perpendwulilr 
component and nort It ward for the parallel component. 66 
Fig. 3.8. Schematic illustration showing the effect of a transequatorial compo-
nent of thermospheric winds on thc redistribution of the ionosphere and the 
stability. 69 
Fig. •I.L. Schematic illustration showing linear ~nstab.ility at the b?tto~sidt',of the 
equatorial ionospheric F region for two-d1menstonal approx1mat10n. Shown 
is the zonal plane: the earth's magnetic field (B ) is perpen?ic~lilr to the 
plane, and thc ambient zonal electric field (E) and the gravttat1onal force 
(g) are parallel to it. The polarization electric fields (E')duc to the small 
density perturbation cause the perturbation to grow. 
Fig. 1.2. l,;pward Ex B drift velocity for typical seasons at Jicamarca. undN sun 
spot maximum condition (after FEJJm rt al., 1970). 
Fig. 1.:1. t'pw11rd ExB drift vclocity for typical seasons :ll F01:taleza undc•r sun 
spot maxin111111 condition. Open carl<'s connected WII h tluck curve arP I Ill' 
velocity dcrived from ionosondc data (after .\DDt' cl ,tf, 19 1), and clo.ts 
<"<HIIIectc•d with thin cur\'e are ::.upplcnwntal data from .Jtcamarca sh()WII 111 
Fi~IIJ'(' 1.2. 
Fig. ·1. I. Magnetic nwridional con1p01H'rtt of th~ thl'l mospheric r~eutra.l w111d. 
M :t~nctic d<'clin a.t ion angle is 2° E bPing prrt 1nent to tit<' long1tudc of .I Wit· 
marc a. 
Fi~. 1..). ';anw as F'i~~;un• I I PXCPpt f<Jr lllil~tlf'l ic dcclinat ion an~IP of~ 1° \\' wh id1 




Fig. 1.6. \"Nt ical profi lt>s of lirwar growth rat<>S (lpft port ion) and lube inl<>~ral<•d 
ion ronlrnts ( ri~ht port i1>n) fort hr two local tinws as;\ function of t•quatorial 
crossin~ height of I hi' fit>lcl lirw. fhc lube lnh·~ra.lt•d ion contents are scpa-
ratdy plot ted foro+ 'somr of molecular ions ( ~ o+ ' 0~' and ~ :;; dt>uot<>d 
as "mol'') and ll1<•ir sum (d1•note as "tota l"). Tlw clash-1iottcd lin~s indicate 
tlw altitude of maxi111um growth ra.le. The calculation is made nnckr the 
condition o( D month:;j.Jicamarca including llw lhNmosphcric wind effect. 97 
Pig. ·1.7. Evolution of the linear growth rate and rnca.n lo:;:; coeffi cient for the 
D monthsj.J icamarca calculations. The altitude follows the most unstable 
magnetic field line (sec text) which moves with Ex B drift velocity. The 
vertical arrow indicates the reversal time of the ambient Ex B drift. 99 
Pig. 1.8. Same as Figure ·1.7 except for the J months/.Jicamarca calculations. 101 
Fig. 1.9. Same as Figure 4.7 except for the J months/Fortaleza calculations. 105 
Fig. 1.10. Same as Figure 4.7 except for the D months/ Portaleza calculations. L06 
Fig. 4.11. Magnetic fi eld aligned distribution of various parameters as a function 
of distance from the equator for D months/.Jicamarca runs. Each panel is, 
from top to bottom, ion density, the Ex B term, the gravitational term, 
and the n/1\. term for the two cases with (right ) and without (left ) the wind 
effect. The equatorial crossing altitude of the magnetic fi eld line is about 
310 km where the growth rate is maximum. The local time is 1930 when the 
Ex B drift velocity is maximum. 108 
Fig. 4.12. Same as Figure 4.11 except that the local time is 2030LT when the 
Ex B drift velocity is zero and the equatorial crossing altitude of the mag-
netic fie ld line is about 390 km. 111 
Fig. 5.1. Plasma depletion and enhancement in l hr topside ionosphere. Elec-
~ron density at the satellite height ( ....... 1000 km) is observed by the topside 
tonoso nde onboard lSS-b. Plasma depletions are seen in orbits 4362, 4416, 
and 4469, and plasma enhancements in orbit 1116. Bot h plasma depletions 
and enhancements are accompanied with intensl' backscatter echoes from the 
irregularities surroundmg the satellite as indicated by open circles. Shaded 
bars indicate regions in which spread F is observed. 115 
Fig. 5.2. Two-layer system for midlatitude plasma instability. Two layers are 
~lectrically conneclNI to each other with high ly conductive magnet ic fi eld 
lmcs. 118 
Fig. 5.3. VNtical Ex B drift vdocily models with two typ<'s of e\·cning drift en-
hanc<'llll'nt. The dashN!Iint' indicates s tep-like Pn ha.ncemr nt for study of the 
rl'sponse of the F layN to intl'nsr eastward rlrct ric fir Ids. The gaussian-like 
(synth~·si:ted .\~ith two ~ppropri?-te gaus~i~n functions) lin~ i:; for calculation 
of the mstablitt y. \lax1m11m clnfl velonttes an• 10 m/scc 111 both cas<>S. L2·1 
Fig 5. ~· llcsp1~11S<' <?f t ht• r layrr prak height to thP stcp-lik<' chan g<' in theE X B 
dn_ft v<>locJty gtv<'n by the dashed line in PigurP :;.:1. Tht• rqualorial cro5Sing 
~~ It 1tndP of thr fic•ld luw 1s I HOO km, :30 min afl<'r 1 he change of the t-IPclric 
fwld. AI tlw F layc>r (H'ak, ma.grwtic latitudP is about. 2:}..') 0 , dip angle is 
Rhou t II 0 , and "L -2.').;, 111/sl'<'. 127 
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Chapte r 1: Ge ne ra l Introduction 
1.1. Ilistoric·al ba<·kgromlll 
\\'f' fir::;! make a historical SUrV<') of iono~phcric irregularitie~ in thC' f region, 
which is st r<'SS<'d on the global morphology of spread F. A general review of spread F 
is not intended because there are a nu mb~:>r of excellent review work~ on thi~ probl€•m 
(e.g .. FEJ£H. and KELLEY. 1980). 
1.1.1. Global morpilology In the ionospheric F region electron density irregularities 
often develop, which are called spread F since they were first recognized ~ diffuse 
echo traces on ionograms. Spread F and its related phenomena have been studied 
by means of a variety of observational techniques such as bottomside soundings, top-
side soundings, ground-based radar observations, satellite in-situ measurements, radio 
wave beacon signals, optical method, and so forth. 
It has long been known that appearance of spread F varies with local time, sea-
son, geographical location, and many other geophysical conditions (SHI:\.lAZAKI, 1959; 
II ER/\1,\N , 1966). At an early stage of the spread F study, SHIMAZAKI (1959) pro-
posed the spread F equator that divides the global area into two hemispheric regions 
to describe seasonal and longitudinal characteristics of spread F. In the hemisphere 
north of the spread F equator, large spread F occurrence appears around the Decem-
ber solstice and the .June solstice in the south of it as shown in Figure 1.1. IIER:\.IA~ 
(1966) suggested a mechanism to generate ionospheric irregularities responsible for 
spread F b~cd on the idea of spread F equator. However the spread } equator take~ 
no account of the important factors that sprf'ad P appears ncar equinoxes in most 
equatorial stations and occurrc>nce of spread F exhil>1t~ large latitudinal dcpt>ndcnc<'. 
The sprNtd F CfJuator was derivc>d from an analysis of the bottornside sounding 
data ohtain<'d at the ground-based ionosond <• stations. There• may b<' two maJor diffi-
cu It ir>~ in studying global morphology of sprr>acl F ba:-;r>d on the> bottornside soundings. 
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Pig. l.l. Spread F equator r<'produccd from SIII:'.I.\ZI\ KI (1959). At the stations 
in t he nort h of t he spread F equator shown by t he dash-dolled curve, occurrence 
probability of spread Fin the December solstice is highN than that in the J une 
solstice, while at the stations in the south of it, the occurrence probability in the 
.J une solstice is higher than that in the 0<-ccmber solstice. The ma~netic equator 
detcrrninNI from the magnetic d1p angle is shown by the brok<>n curve. 
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The first is the lirHit<'d nurnbl'r of stations, and furthNmore tlwy distributl' 11111'\'l'llly 
ovl"t· th1' world as not iced in Figure l.l; local ions of tlw station arc limit1•d in land 
areas. In particular, ;d the equatorial Iaiit ud<'s, slat ions are scarce because of the 
Pacific and At !antic Oceans. The second rs I he lack of reliability of sprl'ad /· in for-
m;ttion which cannot be removed by statistical procedure. t:sually, spread l can be 
determin<'<l from the letter ··F"' in the month ly tabulation of the ionospheric criti-
cal frequency, J0 F2 , issued by local organizations independently. There is, however, 
no quantitative standard to scale spread F. Historically. the scaling of ionospheric 
parameter:; has been devoted to engineering interests for the short wave communica-
tions, for which the ionospheric crit ical frequency is the most important parameter 
and the spread F information attached to the scaled / 0 Fz value is considered to be 
a s ubsidiary parameter to provide t he quality of the scaled value. Thus it is almost 
impossible to compare the spread F activity at different stations . 
Ambiguity in the morphological studies based on the ground observations alone 
has been much improved by realization of satellite techniques. T he first topside sound-
ing satellite. Alouette 1, confirmed existence of spread F irregularities extending into 
the topside ionosphere with elongation a long the earth's magnetic field lines ( LOCK-
WOOD and P ETRIE, 1963). A pattern of spread F occurrence in geomagnetic latitude 
and local solar time was investigated by CALVERT and SCHMID (1964) from the Alou-
ette 1 topside ionograms recorded over the regions along the meridian of 75° W by the 
ground station network (FRA:-<KLIN et at., 1969). The pattern of topside spread F 
occurrcnc<' showed ex istence of t he region of nighttime equator ial spread F (ESP) dis-
tinguishable from the other latitude regions. ~l lJLDRCW (1980a,b) and \L\IttiY,\~1,\ 
and M A'IU 11 RA ( L !)80) in vest igatNI the global morphology of ESF by usin!; lopsidr. 
ionograms and showed seasonal variation in the longitude of high on:u rrcll<'<' proba-
bllity of ES F. 
Ln-situ m<>asurem<>nls of ionospheric irrC'gularities by means of the satl'llitc•-born<' 
probe'S il.rl' abo powNful loob for the study of csr 11 .\:"SO:-: and SA" \r.\:"1 ( L!Jil) 
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found from I h~ retarding potf'ntial analyzer ( n PA) experiments on board the OGO 6 
sat ell it<' that 1 ht' oc<'lltTen<'<' prob;tbility of ESF trregularities wash igher in t lw At I antic 
region than any ol h1•r lon~itudinal regions. II.\' :;o:-; r.l ttl. ( l 973) discussed about the 
format ion me<"hanism of ESF irregularities on the basis of the OGO 6 observations 
a.nd suggested the influence of both neutral wtnds and metallic ions, Fe+ , as the 
controlling factors. BASt! tl a/. ( 1976) derived a morphological model of equatorial 
scintillations based on the OGO 6 RPA measu remenls of electron density irregularities 
during the period of November- December in 1969 and 1970, and showed that the 
highest percentage occurrence of scintillations appeared at the Atlantic longitudes 
with a subsidiary maximum at the Pacific longitudes. A similar longitudinal variation 
of ES F irregularities was observed by means of the spherical electrostatic analyzer 
onboard the ISIS 1 satellite (BURKE et al., 1979). BuRKE el a/. (1980) also showed 
plasma bubbles are often observed at the Atlantic longitudes. Thus fairly clear picture 
of global morphology for ESF was obtained, although it is not completed (BASU 
and BAsu, 1985). 
1.1.2. Physicctl mechanism Thrning to the efforts to investigate physical mecha-
nisms directly responsible for the generation of irregularities, it seems to be a key 
point to take account for the resemblance between the morphological features of lop-
side and botLomside spread F that has been shown by CALVERT and ScHMID (1964). 
llowl'vl'r, this resl'mblance was a statistical re:sull. FARLEY et al. {1970) found that 
ESF irwgularities appear almost simultaneously in botlomside, peak electron density, 
and topside regions of the F layer using V HF radar at .J icamarca ( Ll 0 57' S, 76°52' 
W; dip::::1°l'\), ncar Lima, Peru. This simultaneous occurrence and other observed 
charact<'fisli<'s ruled out any previous theories on the generation of ionospheric irreg-
ularilil's (FAttLGY l'l~tl., 1970). Although 8A!.S!,EY el cd. (t972) agreed with FARLEY 
F[ rtf. (I 970) that none of lhl' existent theories «'Xplains the whole sPt of phenomena 
associ at ··d with ES F, tiH'Y d0monst rate t h;tl the collision-dominated Rayleigh-Taylor 
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instability is <'<tp<tbl<' ofs<'tting up prtmary LSF trrl'~ulanltt's. 
\\'oon~t.\;>; and L,\lloz (1!)76) t·onduct,•d ex,wnrnents by thP .Jicamarca radat 
with new observational l1•rhniques dt•:.i~ned to study the ESF irrP~ularities, and tiH'Y 
proposed a mccltan ism to explain the coexistence of irregula.ri til's in tlw botton1side 
and topside regions. That is, a plasma depleted region or plasma bubble first appears 
at the unstable bottomside and then the plasma bubble p0netrale:; up to the higher 
electron density region of the F layer by the buoyancy force in analogy of hydrody-
namics and eventually 1l reaches the topside which is a linear stable region. Thus 
small scale ESF irregularities may appear on the boltomside and also on the topside 
almost simultaneously by secondary instabilities within and around the bubbles or 
along the wake of them. 
Succeeding extensive experimental and numerical studies support the sc0nario 
proposed by WooDMAN and LA Hoz, (1976): two dimensional nonlinear computer 
simulation revealed an upwelling of density depletion (SCANNAPtECO and OsSAKOW, 
1976); rising plasma bubbles were directly detected by a satellite-borne probe (Mc-
CLURE el ctl., 1977); airglow depletions due to the plasma bubble associated with 
spread F were observed at the equator (\\'EOER el a/., 1978) and from the subtrop-
ical latitude station (~lALCOL~I et al., 1984). It is now generally accepted that the 
basic mechanism for the generation of 8SF irregularities is the nonlinear evolution of 
the gravitational Rayleigh-Taylor instability in combination with theE x B dnft in-
stability ( 8,\SU and I<Ett.EY, 1979; KELLEY and ~IcCLUitE, 1981; OssAKOW, 1 981) 
The global morphology of equatorial spread F should be discussed in tl'rnJs of 
the Rayleigh-Taylor instability. There are some cand tdate rnec:hantsms to P.xplam thf" 
longitudinal and S<'a.sonal characteristics of equatorial spread F. That is, longitudinal 
and sNtSOil<tl changes in ionospheric paraml'tt•rs yield the rhang<' in the growl h rate 
of the instability or triggPr medtani:.m: (1) th•• re\'NsaltimP of till' zonal r> lcctnc field 
from eastward to W~'stward in the C\'rning hours (HAS roC!, 1980); (2) the E r~'t;ion 
dynamo fi<'ld which gcnenttPs fi<>ld aligtwd C'Urrl'nts dH!' to a.lwmisplwric asymml'try of 
L 
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t lw fir>ld ( .\[l'I.Dngw, I %0a): (:l) the lrans<>quatorial component of the thermo:spheric 
wind which modifif's llw Pt'dNst~n conductivity inlt'grilted along the magnetic field 
linf' (.\IARl'YA:'.IA and .\INrtii'RA, 198·1); and ( l) tht~ longitudinal gradient of the 
i nt f'gratf'd E r0gion cond uctivily determined by t lH' solar declination and the magne-tic 
declination angl<'s (TsuNODA, 1985). The third rnC'<'hanism is examined in this :study, 
in which the contribution of plasma laying off l he equatorial plane must be considered. 
The asymmetric distribution of the ionization due to the transequatorial wind may 
result in an increase in the magnetic field line integrated Pedersen conductivity, which 
suppresses the growth of the Rayleigh-Taylor instability. 
Effecls of the transequatorial thermospheric wind on the ionospheric plasma dis-
tribution at low latitudes have been studied by many workers {BrTTENCOURT et al., 
1976; BITTE:-ICOURT and SAHAI, 1978; ANDERSON and ROBLE, 1981). According to 
these, a poleward wind transports ionization to the lower altitudes along the magnetic 
field line through the momentum transfer from the neutral particles to ions, while at 
the same time an equatorward wind transports ionization to the higher altitudes in 
the other hemisphere. Thus the transequatorial wind yields hemispheric asymmetry 
in plasma distribution off the equatorial plane. 
There are some efforts to investigate the ionospheric instability taking the con-
tribution of plasma away from the equatorial plane into consideration. ITAEREXDE:L 
{1973) derived a growth rate of the Rayleigh-Taylor instability in terms of a.n upward 
gradient of the intcgntt<>d ion content foro+ within the magnetic flux tube. Ambient 
electric fields arc neglected in the derivation. ZALI.':SAI< el al. (1982) developed a. 
three-layer model for numerical simulations of the effects of neutral winds and bn.ck-
ground Pedersen conductivity. Their layer 2 repr0sents an equatorial pln.nc a.nd layers 
l and 3 simulate tht' E ln.yN n.wa.y from the cqun.torial plane. Three layers arc elect ri-
cally connect<>d with each other via a conducting ma~netic field line. For the purpose 
of the present study, wf' will derive a mull ilayN mod<>l of the linear growl h mtf' for 
thf' Hayleigh-Taylor and the E x B drift instabi lity involving plasma in t lw entire 
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ma!!;nf'tic flux lube. which may b0 c·onsidered as an exlf'n:;ion of till' lirwar thrN'-layf'r 
modt'l dt•:-;nilwd by Z,\f.Es \K rl ~tf .. 
1.2. S<'opc of the p r esen t wor k 
In Cha.pt<>r 2 a comprehensive data set of topside sprC'ad F by the ISS-b satellite 
is presented and global morphology of spread F based on l he ob:servat ions is exam-
ined. Section 2.2 gives an out line of the experiment including engineering parameters 
and orbital conditions relevant to the analyses. One of the n.dvantages of the ISS-b 
ionosondc is the digital ionograms. To keep the standard for the identification of 
spren,d F being constant, spread F is determined by a computer processing, which 
procedure is described in section 2.3. For preliminary discussion, worldwide distribu-
tion of topside spread F is presented in section 2.4. Section 2.5 focuses spread F in 
the equatorial region between 30°~ and 30°S, which is a major interest in this thesis. 
An important characteristic of ESF presented in this section is a combined seasonal 
and longitudinal variability of its activity; we call it the seasonal-longitudinal effect 
of ESF. In section 2.6 in-situ ionospheric irregularities at the satellite heights, i.e., 
plasma bubbles and plasma blobs, are examined. Those irregularities are considered 
to be a direct evidence of the plasma instability responsible for the generation of ESF. 
In Chapter 3 large-scale ionospheric structure is discussed in connection with the 
seasonal-longitudinal effect of ESF. So far longitudinal effects of ESF irregularities 
havC' been discussed to some extent based on limited data sets. ll owcvcr, it is shown 
t.ha.t norw of these mechanisrns explains the seasonal-longitudinal effect of ESE' found 
in ChapiN 2. To find an altcrnativC' rncc:hanism controlling tire seasonal-longitudinal 
effect of csr, the background ionosphC're is examined in Sf'dion 3.2 The ft"!:>Uits 
arc inlNprct(xl in terms of transequatorial thermosphcric winds, which cause the 
interhemisplrPric plasma flows, in s(•clion 3.3. [n section 3.4 a. possible connf'ction 
belwl'('n the large-scale ionospheric structure and plasma. instability is discuss0d; it 
is proposf'd tlrat the redistribution of plasma along the rna~nPiir liPid linP due to the 
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transe-quatorial winds suppress<'s the growth of the plasma instability through the 
increa;,r of fiPld line intP~raled PedPrs<'n conductivity. 
C'hapiPr I numerically elaborates the mechanism of the seasonal-longitudinal ef-
fect of ESF propos<'d in ClmptN 3. For tlus purpose n. diagnostic model is developed 
including contribution of th<' plasma away from the equator. In section •1.2 theoretical 
expression of non-local plasma instability model is derived. Section 1.3 describes nu-
merical computations and models for the neutral winds and electric fields. ln section 
4.·1 computational results show an appreciable effect of neutral winds on the gener-
ation of ESF, and at the same time, zonal electric fields have an equally important 
effect on 8S F. 
Chapter 5 discusses two more features related with ESP; one is the latitudinal 
extent of the 8SF region, and the other is the density enhancements or plasma blobs 
observed at the satellite heights associated with ES F irregularities. In section 5.2 
latitudinal extent of the equatorial irregularities is briefly reviewed based on published 
materials. Section 5.3 applies the diagnostic model developed in Chapter 4 to the 
magnetic field configuration at midlatitudes. The computational results are compared 
with observations in section 5.4. Further, the generation mechanism of plasma blobs 
is attributed to the Ex B instability. 
Chapter 6 summarizes the conclusion of the present work. 
Chapter 2: Topsid e Spread F O bserved by ISS-b 
2.1. Iutrodndiou 
It has lonu; b<'<'n known that appearance of spread F varit>s with local lime. sea-
h . 1 local ion and many other geophysical conditions ( S111~1A ZA K I, l 959 , son, g<'ogr:tp K a , 
[[P.Jti\IAN, 1!)66). Nevertheless global picture was not been completely known. There 
may b<' two major difficulties in studying global morphology of spread F basC'Ci on 
the bottomside sounding. The first is the limited number of ionosonde stations, and 
furthermore they distribute unevenly over the world; locations of the station are lim-
ited in continents and islands. In particular, at the equatorial latitudes, stations are 
scarce because of the Pacific and Atlantic Oceans. The second is the lack of reliability 
of spread f information which cannot be removed by statistical procedure. Usually, 
spread F can be determined from the letter "F'' in the monthly tabulation of th<' iono-
spheric critical frequency, fo F2 , issued by local organizations independently. There 
is, however. no quantitative standard to scale spread F. Historically, the scaling of 
ionospheric parameters has been de,·oted to engineering interests for the short wave 
communications, for which the ionospheric critical frequency is the most important 
d F · f t" tt h d t tl e scaled f Fz value is consid-parameter and the sprea m orma 1on a ac e o 1. o 
ered to be a subsidiary parameter to provide the quality of the foF2 value. Thus it 
is almost impossible to compare the spread J: activity at different stations 
The abo,·e difficulties were resolved to some extent by the launch of the topside 
I. t 1\.l AJ011ette 1 2 ISIS 1 and 2 but still data wer<' restricted in the sou n< mg sa e 1 cs, I \ , , ' • 
limil<'d areas over which the satellite is visible from the telemetry station The fifth 
· · · SS b {I h S d. Satellite -b) was launched on tops1de sounchng satellite, I onosp ere oun ~ng • 
February Hi, 1!)78 by .Japan. This satellite carries an onboard tape recorder that is 
· I I · hI ., I C periodofthr>salPIIilPorbit. ;tble to storP tono~rn.ms obsPrVN c unng w o <' l( vo II 1on 
· · 1 1 · tlatlhelongitudesofthedata Four revolutions of obsNvat10n 1n a ( ay are rlosf'n so t · 
points may bP. dist ributcd uniformly. 
!) 
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In this dHtptN morphological features of spread F ar!' examint'd on th<' basis 
of thl' IS~ b obsPrvations At first. in SE'Clion 2.2. an outline of the ISS-b topside 
sou ndin~ includ in~ <'ngineering parameters and orbital conditions is prcsentNI. One of 
the advanta!,!;f'S oft he ISS-b ionosonde is the digital ionograms. As mentioned before, 
it is important to keep the standard for the scaling of spread F being constant. Spread 
F is dct<>rmincd by a computer processing. which procedure is described in section 2.3. 
for prdirninary discussion, worldwide distribution of topside spread F is presented 
in se>ct1on 2.1. Section 2.5 focuses equatorial spread F (~SF), which is the major 
interest in this thesis. In section 2.6, in-situ ionospheric irregularities at the satellite 
height.s, i.e., plasma bubbles and plasma blobs, are examined . Those irregularit ies 
are considered to be a direct evidence of the plasma instability responsible to the 
genf'ration of ESF irregularities in the topside ionosphere. 
2.2. Outline of the exp e rime nts 
2.2 I. TILe ISS-b satellite The experimental studies that will be described in 
Chapters 2 and 3 are based on the observations by the topside sounding satellite, 
ISS-b. The JSS-b satellite was launched on February 16, 19i8, and has been operated 
till the end of 1980 on a routine basis. Four major experimental instruments were 
aboard the satellite: topside sounder, ion mass spectrometer, retarding potential 
analyzer, and fixed-frequency radio noise receivers. The topside sounder is designed 
to d<'tect the critical frequency of l.he underlying ionospheric F2 layer with the aid 
of <\n onbmtrd pre-programed logic circuil. and to observe the virtual range versus 
frcqH<'nry riHHactNistics in the swept-frequency mode, i.e., topside ionograms. The 
data obi ainNl by th<' sw<-pl- frequf'ncy ionosondc mode of topside sounder a.rf' analyzed 
in this study. II crf'aft N we call the sw<-pt-frequcncy mode operation simply topside 
so11nd i ng. 
'l'lw four C'Xfwrirncnts WC're cond11cted as a time sharing way w1th 6·1 second 
n•p••t it ion 1wriod, and data WNC storrd in an on board magnf'tic tape recorder for 
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about o1w orbital fWriod. Tlw data store mod<' opl'rations Wf'l'l' pt•rformPd at ftHII 
times a day; orbits W<'f!' sPicdf'd :;o that thf' longitudes of the data points may hi' 
distributf'd uniformly on tllf' whoh' t>arth by using onboard timN that controls thl' 
start time of tlw ohsl'!"\"at ion . Thl' opNat ion of data store mod,• for four who I•'-
rotational pNiods a day is a grl'at advanta~e compared with the oth~·r fom topsid<' 
sonndN sat<'llites l;wnched previously. Alouette l, 2. ISIS 1, and 2. bf'cau:,e data 
obtained by those satellites were limited in the areas in which the satcllit<' is \'isihle 
from the telemetry station on the ground. 
2.2.2. Pammcle1'.5 of the topside sounder Spread F presented in this thesis is based 
on the ionogram data which were digitized on the spacecraft for the benefit of efficient 
storage of the data by the onboard tape recorder and efficient processing of the data 
by a computer at the ground. The sounding frequency was swept stepwise from 
0.5 Mllz to 11.8 :\[J[ z in 16sec with a frequency increment of 0.1 :\Hfz. The rcc:eiw~d 
signal strengths at each frequency step were sampled in every 33.3 km virtual range 
increment over the range from 0 km to 1333.3 km. The intensity of each sampled signal 
was quantized into four levels or two bits, i.e., 0, 6, 12 and 18dB above the receiver 
noise level. Thus one ionogram is constructed by segments at ·10 vtrtual rang<'S and 
144 frequency steps. The engineering parameters relevant to the interpretation of the 
data arc summarized in Table 2.1. 
Shown in Figu r<' 2. 1 arc typical examples of reconstructed ionogra.m with norma.l 
echo traces (top) rutd sp read f traces ( middle and bottom). The strength of the• c•c ho 
at ead1 clcnH'ntary segmrnt of the ionogram, 0.1 MIJz in frequC'nry and :J:l.:l km in 
virtual ran~f', is rf'prrsrntrd by" I", "x", and"+" for the levels corresponding to 6, 
12, and LSdH above' the background noise levf'l, respecliv<>ly. In lhf' uppN panel. an 
ionogram without SJ>rf'i\d f, thl' extraordinary mod~ echo starts at "'2 :1 \lflz. and 
soml' rP:;onancc spikPs and tlH! cxlmordinary Z-mode trace arr obsc'IVNJ as VPrtif'al 
Wl'<lgl'-likP pm tions at the frrquency lower than 2.3 .\[ ll z, although I hr•y arP not ca:-.-
12 Chaple1· 2: Top.~ide Sp1·ead F Observed by ISS-b 







Pulse Repetition Rate 
Sampling of Echo Signals 
Quantization of Echo Signals 
0.5 to 14.8 MHz (0.1 MHz step) 
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Time Sharing with Other Experiments 
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Fig. 2.1. Typical examples of ISS-b ionogram: no _spread F configuration 
(upper panel); spread F ionogram ncar the equ.ator (m1ddle panel);. and spread 
F ionogram at high latitude (lower panel). The .ntens1ty of the echo JS t'xprcssed 
with three different characters "I" " x " and "+" for the levels correspondmg 
to 6, 12, and 18 dB above the background noise level, respectively. 
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ily d1st in~u isho•d Pari! ol hN from thP. ionogram in fmmat ion alone. The disl inct ion 
bt>lwl'en tho' ordinary and ••xtraordinary mock trace's is also difficult even in the ra.::;e 
of no spread F t ra<'<'s. II owever, it is no mat I t'r for the study of spread F because 
sprc>ad F cchoc>s arc> sufllricnt ly wide as shown in the midJ le and bottom pane ls, and 
are easily distinguished from normal traces. 
2.J.3. Orbll of the satellite The ISS-b satellite has a nearly circular orbit at an 
altitude around 1100 km with an inclination angle of about 70°. The nearly circular 
orbit is convenient to study spread F. because the remote detection of the spread 
F irregularities in the F region is made wit h constant sensitivity everywhere during 
the whole rotational period. The orbital parameters are summarized in Table 2.1. 
Orbital conditions arc extremely important to investigate ionospheric phenomena 
that strongly depend on local time and season. The relationship between the local 
solar time (LST) and the latitude of the satellite position is determined by the orbital 
parameters, and varies as a function of day of the year. The orbital plane of ISS-b 
rotates westwards at the rate of 3 degrees a day with respect to the earth-sun direction 
owing to the precession of the orbit (2° /day) and the motion of the earth around the 
sun {1° /day). In other words, the local time at a given latit ude decreases by about 
12 min in a day. Thus it takes 4 months to observe the complete local time variations 
of the ionospheric properties at all latitudes between i0°S and 70° ~. The diagram 
showing the relationship between the latitudes and LST for the first 1-year period 
from the lau nch is given in fo' igure 2.2. 
2 .3. C ompu ter s<·a.ling of spread F 
E\·aluation of sprl'ad F for a large number of ISS-b topside ionograms was carried 
out dirl'ctly from the ra.w digital data, i.e., without transformation of the data into an 
ionogram pattern and thNcfore withou L j udgment of spread echo by eye. This met hod 
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Fig. 2.2. Time chart indicating the local solar lime ( LST) at the s<l;lellile as 
a function of day of the year. Only the first o_ne year from the launch. IS sh_?\~n; 
T he slanted li nes indicate latitude of the satelltte; the equator (heavy lme), 19 ;:-.; 
(dashed line), and 70°5 (dash-clotlf'd lin<>). The satellite lntJI'clory on a g1ven 
day is parallel to the vertical axis and upward. The letter "s .b." m<>ans th.al the 
satellite crosses the equator from north to south (so~1thb?un~l), anc! '' n . ~ .' does 
from south to north (northbound). The shaded port1ons uJCiwatc n1ghti1me. 
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f'liminatC' inequality in the criteria for the m<Htual identifimtion by individuals, which 
sonH'lllllC'S <'ncou n INs when holt omside spn'ad F al d ifl'crent slat ions ar<' com parc>d. 
Tlw proccc:lurc for the identification of spread f' from the ionogram data is d<'scrib<'d 
bf'low. 
,\s noticed in the ionograms shown in Figure 2.1. most segments corresponding to 
the tnterference have the intensity level less than 12 dB or indicated by the symbol "I", 
whil<' ionospheric echoes and resonance spikes have the intensity level greater than 
12 dB. To eliminate errors in identification of spread P arising from interferences the 
segments corresponding to the intensity greater than 12 dB are examined. Sometimes, 
resonance spikes and a part of the extraordinary Z-mode trace near the zero virtual 
range cause errors. Therefore the echo segments at the virtual range less than -tOO km 
are excluded; spread F is identified from the horizontal portion of the 0- and/or X-
mode traces. 
At the first step, the number of echo segments having the value greater than 
12 dB, N;, is obtained within the vertical line from 400 km to the full range at each 
frequency. A series of the numbers, 1\';(i = 1, · · ·, 144), for one frame of the ionogram 
gives a spectrum covering the frequency range from 0.5 to H.8 .\[Hz, where the fre-
quency is given by (4 + i)/10 MHz. Examples of N; are shown by non-shaded area in 
the lower panels of Figures 2.~a-2.3l for a variety of ionograms. These primary spec-
trums would, however, still contain some contributions from signals other than the 
spread echo, such as long duration signals arising from resonance spikes, vertically-
aligned echo traces near the local plasma cutoff, the extraordinary Z-mode trace, and 
sevNe interferences. These long duration signals usually appear as sharp peaks in 
the primary spectrum as seen in Figure 2.:3. To eliminate these spike-li ke undesirable 
<"Ontributions, the number L, is obtained as follows: 
/,, = min(.V,_J····.X,,···,N,+J), (i= 1,···,14·1) {2. 1) 
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f-ig. 2.:l. ISS-b ionograrn'i (upper part of Pach scclion) and indicator:; of vNlical 
echo width (lowN part of each section); continuou::. linf' is X,. and shadPcl area is 
L;. The six ionograms a to I correspond to the points 11 lo I in figurf' 2.1. 
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wlwn• "min'' means to take a minimum value for the frN(IH'lll'Y range /d = ('2j + 
l)/10 \lllz r\t the start and l'nd of the sNit":;. l 5 i- j and i + j 5 11·1, re::;p<'clivdy. 
ll i::; d(•sirablt• to choose a large value of j to eliminate lhc <>rror caus(•d by I he spike-
lik<' distribution of.\;. On the other hand, the effect of signal fading arising from the 
change in the direction of sounding antenna. due to the satellite sptn motion must be 
considered. An example of the spin effect can be seen in rigurc 2.3e. The ionogram 
exhibits ::;pread P condition as a whole, but echo trace disappears at 2..1 and 1.3 ~lllz. 
The period of signal fading corresponds to 2.1 sec, half the spin period. Therefore, 
the frequency range, /d, in which minimum value is taken must be less than half the 
spin fading so that the spin-modulated spread F traces may not be underestimated. 
Here j = 3 or /d = 0.7 Mliz is adopted as a compromised value. Examples of L, are 
shown by the shaded areas in the lower panels of Figures 2.3a-2.3f Thus undesirable 
effect:> are excluded. Finally, the maximum value of L, is taken as a spread F index; 
S = max (Lt. L2, · · ·, Lt44 ), (i = 1, · · ·, 144) (2.2) 
The variation of S with latitude and LST for one orbital period is shown in 
Figure 2..1. The six points denoted by alphabetical letters tL-/ in Figure 2..t correspond 
to the six ionograms shown in Figures 2.3a-2.3f. In the figure large S values are 
ob::;crvcd at high latitudes in northern and southern hemispheres, and at nighttime 
equ;ttorial I at itudes. The Lh res ho ld value, S0 , to identify spread F is empirically 
dclC'nnined by cross-examination of ionograms and ntlculatcd S values as shown in 
Figures 2.3 and 2.·1 for several passes. The most aciC'quatc value of So= 6 is adopted 
in the present analyses, i.e., ionograms with S ~ 6 is spread F. The' value of So 
:>l'crns so111ewhat larger than an expectPd value from the transmitted pulse width 
of ~00 Jtscc, whiC'h corresponds to the virtual rangt> of •15 krn or to two elementary 
rcsolut 1011 sC'gnH•nt::; of I he ionot;ram. This discrepancy may partly he a,Sc.ribNI to the 
splittin~ into the' ordinary and extraordinary traces. both traces arc indudNI in the 
C'lwpLC1' 2: Tops1de Sprntd F Ob.,err•rd by !SS-b 19 

















OL------L--------~~----~~------~~------~~----~ UT 0140 0200 0220 0240 0300 
LST 1200 1400 1600 0000 1000 
GMLAT 20 0 -20 - 40 -60 -60 -40 -20 0 20 40 60 60 40 
Fig. 2.'1. Variation of th<' spread F index, S, along .the ~at~llite path for one 
orbital period. 'The ionograms corresponding to the p01nts md1cated by l('ttc>r~ a 
to f are shown in F'igurc 2.3. The shaded areas, S ~.6. de~ote spread f at !ugh 
latitudes in both hemispheres and nighttime equatonal lat1tudcs. 
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evaluation of .V, and t ht>rdorl' S, and partly be caused by puis<' broadening d uc to 
inSifiiiiH'Illnl ef[eds in the rPceiver. 
2.4. Worldwide chru·adcristics of spread F 
2.4 .1. LILtlludinal and local tnne uanalzons The occurrence of spread F exhibits 
strong d<'pendence on both local time and latitude. In fact, in Figure 2.4, the large S 
value appears at high latitudes and nighttime-equatorial latitudes, while at daytime-
equatorial and midlatitudes S values are less than the threshold value. As we have 
mentioned in 2.2.3 the local lime of ISS-b at a. given latitude changes slowly so that 
the observation has to be cont inued at least for 4 months to examine the 1ST-latitude 
characteristics. On the other hand. a short period is desirable to separate possible 
seasonal variation from the LST-latitude characteristics. During the first 1 year from 
the launch of the satellite, continuous operation of the satellite was sometimes inter-
rupted by engineering problems as summarized in Table 2.2. This situation didn't 
change very much in the succeeding years. The analyses in section 2.4 are devoted 
to the 3 data sets obtained during 4-months periods: (1) August 11 to December 
11, 1978, {2) November 10, 1978 to March 12, 1979, and (3) February 13 to June 
13, 1979. The data corresponding to the overlapped portion of the two consecutive 
periods were doubly used for the two sets. 
Latitude and LST variations were examined by calculating occurrence probability 
of spread F as a ratio of the numbers of spread F ionograms and all ionograrns in 
a small rectangular cell with increments of 10° in magnetic latitude and 1 h in local 
solar time. Figure 2.5 shows a contour diagram of percentage occurrence of spr<'ad 
F for the August-December period. There arc high occurrence rc>gions at the higher 
latitud<'s and low latitudes around the magnetic equator. The occurrence of sprNI.d F 
at th<• equatorial latitudes is confined mostly to the nighttime rxcept for a minor pc>ak 
at I 000 LST. while I he ocru rrence of spr<'ad P al high latitudes <'Xl<'nds over all hours. 
rlws•• !,!;PIIt•ral charat'lNisl ics wdl agree with lht> previous results by means of Alou<'ltc 
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TABLE 2.2. OpNational Status of ISS-b for the 1-st One Year From tlw Lauuch 
Period Orbit No. Status 
\larch 18 to April 1, 1978 40·1- 595 Check-Out of the Satellite :'If l!:<sions 
Aprill5 to June 11, Hl78 777 - 1553 );ormal Observation (·1 rev ./day) 
June 12 to Aug. 10, 1978 Interrupted 
Aug. 11 to Dec. 13, 1978 2365- 4035 Normal Observation 
Dec. 15, 1978 to J an. 8, 1979 4056- 4377 Reduced Observation (1 rcv.fday) 
Jan . 10 to June 13, 1979 4403- 6480 :'\ ormal 0 bservation 












DI P LA TIT UDE 
Fig. 2.5. Contour d iagram of percentage occurrence of spread F as a function 
of m<\guetic (d ip) lati tude and local solar time for the period from August 11 to 
DecemlH'r ll , 1!)78. 




60"N 30"N o 3o•s go•s 
GEOMAGNETIC L.ATITUDE 
Fig. 2.6. Percentage occurrence of aspect-sensitive scatteri ng <'<'hoe-s deri,·<'d 
frorn the A louct l<' 1 topsid <' sou ndN sat ell it<' rl'cordeJ bC'twcen Sl'pt(•rnbPr l !)62 
and .J anuary [ !)6:1 (aftN C ALVE RT and SCHM ID (1!)64)). 
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DIP LA T1 TUDE 
Fig. 2.7 . Snme as Figure 2.5 but for the period from NovembN 10, 1!)78 to 
~l arch L2 , 1!)7!). 















90" N JO"N o· 
OIP LATITUDE 
Fig. 2.8. Same as Figure 2.5 but for t he pPriod from February!) to .June 1:3. 
l !)7!) . 
90 " 5 
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1 topsid(• :;oundPr as n'JH'OilucNl in Figure 2 6 (C,\1 venT and Sc11~110, I 061). Th<' 
IC:->PIIIhlann' lwl\\'l't'n rigur<'S 2.5 and 2.t), in turn. implies that t lw proc<'dUrt' US!'<( for 
I ht> dct••rrninat ion of spread f' in the present study works well. 
\lthough Figurr-s 2.5 and 2.6 resemble each other. there Pxists a quantitati\·e 
dilrNenc<' ~uch as the large occurrence probability in Figure 2.6 compared with rss-b 
observations. This may be partly due to the difference in the method of spread F 
identification such that weak spread F is not included in the present analysis because 
it i:; hard to detect. Another reason is the difference in longitudes of the data point 
and a possible longitudinal anomaly of equatorial spread F; the A loucttc 1 ionograms 
were obtained by the ground station network located at the Amcrica.n longitudes, 
while the current result is a longitude averaged property. The seasonal condition for 
both results is similar, i.e., autumnal equinox to northern hemisphere winter season. 
During these seasons, as clarified later, the American longitudes exhibit an extremely 
large ESP activity in comparison with the other longitudes. 
ln detail, the occurrence of spread F at the equatorial latitudes in Figure 2.5 
shows two maxima, one at around 2200 LST and the other at around O·lOO LST; 
and such fine characteristics are not seen in the Alouelte results. The lower lati-
tude boundary of large occurrence probability at high latitudes exhibits north/south 
asyrnm<'try in the nighttime. The area of spread F at the northern high latitudes 
lends to ext<'nd into lower latitudes during nighttime, while that at the southern high 
latitudes doesn't. The north/south asymmetry was also observed by Alouclle 1, but 
it is I'<'VNSe to lh<' £SS-b results. 
Tht' occurrence diagrams for the other data sets arc shown 1n Figures 2.7 and 
2.8 Til<' major fNtlur<'s in these diagrams, large occurrence prolmbility in nighttime 
at l'quatori;lf latitud<'s and during a whole day ;tl high latitudes, are similar to those 
of thP fir:-t data Sl'l shown in Figure 2.:>. Further, at the l'quatorial latiludl's, the 
Pllhann'<l O<'I'Urn•nc<' probability in the premidnight hours is commonly obsNved at 
;uouncl :!:!00 J.~ J' Ill llll' thr<'e data Sl'ls. \\'IIIII', thP maxi11111111 in tiH' poslmtdnight 
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hours \'ari<'s with tlw data sl'l or J>rl'sunJably with the season. Tht' siPadily oh:-t'l \ 'Pd 
prem id nigh I Prl hancenwn t of sprl'ad f sl rongfy suggests a con n<'<:l ion wi I It t ht> post 
sunset <'nhancenH'Ill of Past ward dectric field obser\'ed with the NJUatorial inmht>rent 
scatter radar facility at .) tcamarca, Peru ( FEJER d al .. l 979). The con nl'<'l ion lwt \\'l't'n 
the occurrence of :;pread P at the equatorial latitudes and electric field Pnh;uwl'ment 
will be discussed in ChapiN •1. 
2.4.2. Global distnhtzo11 of spread F We have seen above that the worldwide 
characteristics of spread F indicate strong local time and latitudinal dep<'ndcnn•. One 
of the prominent features is the day/night asymmetry of spread Fat the equatorial 
latitudes. Thus it is quite natural to examine the global distribution of spread r 
separately for day and night. Global distributions of spread F were examined for the 
same data sets those used for the investigation oflatitudinal and local time variations. 
To draw global distribution maps, percentage occurrence was calculated in every small 
rectangular cell with increments of 10° in geographic latitude and 30° in geographic 
longitude. The contour maps of occurrence probability are shown in FigurC!> 2.9-2 .12 
for two of the three data sets, August-December 1978 and ::\ovembcr 1978-~larch 
1979. 
The daytime spread P shown m Figures 2.9 and 2.11 indicates :;pread f en-
hancement at high latitudes which are well characterized by magnetic latitude but 
nol geographical httitude. The night time spread F is shown in Figures 2.10 and 2. l 2. 
The high la.titude portions of the high occurrence probability are :;irnilu to lhosP. 
of da.ytinw distribution. Essentially occurrence probability at high latitud l's do<'sn't 
ch angc V<'ry much in season and local tirne. 
At low lalitudPs, thl' latitudinal variation of spread F shows rnaxirnum occ:ur-
r<'nc<' probability at the magnPtic Pcptalor, indicated by the dashed lint•, irr1'SJH'1'li\'l' 
of th" deviation of the magn(•tic <'<JUalor from the grographi~; Pquator. In t·outrasl 
to high Jar itudl's, :-;prPad f ' al the l'quatorial latitudes dra!:>l ically var i•>s with tlw I on-





















Fig. 2.9. Global d istribu t ion map of percent age occurrence of daytime spread 
F for t he period from August ll to December 11 1 1978. T he dashed line ind icates 
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Fig . 2.10 . Same as Fig11 re 2.9 but for nighttime spread F. 
























LONG I TUDE 
Fig . 2.11. Global dist ribulion map of pe rcentage occurre nce o f daytime spread 
F for tlw period from November 10, Hl78 to ~larch L2
1 
1!)70. 

















Fig. 2.12. Same as F'igure 2.11 bul fo r nighttime spread F. 
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git udP. In Fi~;uH' :U 0 tlw .\ u~ust- D<'cembN pNiod, en hanc<'d spread F r<'gion::o lie 
at around o• and I :10• \\ lon~itud<'s. The maximum occur rene<' probability is grNller 
than li0'fo al 0°, and •10% at (:J0°\\', while the OCCtlrf<'lll"C probability lwtWI'I'll lht>se 
r<'gion~ dt•crpasf'S to <:!07c. The longitudinal dependence of spr<'ad r at I he t•qua-
torial lat it udPs is more exaggerated in the case of Figure 2.12. l he ;-.ovt"mber \I arch 
period, such that the maximum oc:currence probability at so•w-to• E is higher than 
50%, while at 130°E-90°W longitudes the occurrence probability is less than 10%. 
The diffNcncP bl'twet•n the two figures is large at the longitudes of the Pacific region, 
where appreciable a111ount of spread F is obsen·ed in the August-December period 
while a lmost no spread P is observed in the November-March period. Apparently, 
there exists n. large seasonal effect in the longitudinal variability of spread F. 
We should note, however, that the periods of the data sets are not necessarily 
selected suitably. The November-March period may be characterized as a northern 
winter season, while the August-December period contains not only an equinoctial 
season but abo northern winter and northern summer seasons: \\'e suppose that the 
equinoctial season is defined as each one month before and after the equ inox. Such 
a diflicully in separation of seasonal effects from the other properties is essentially 
inevitable in satellite observations. However, if the discussion is limited to the equa-
torial region, we arc able to examine seasonal effects of spread F in more detail. The 
satellite crosses the equator twice during one revolution; northbound a.ud southbound 
passes sc•parat<'cl by 12 hours in local time at the equator. Thus observation for a 
given loral li111c condition ran h<' made every two months a ltNnatdy for northbound 
ami southbound pa:-;:;c•s as shown in Figure 2.2. In the next section we wil l focus on 
tlw com hi IH'd s<•asc>nal and longit ucl i nal l"ffc>cls of spread F at the equatorial I at i tudes. 
2 .::>. Ec tnator ial spr<>:ul r 
.!./i.l. M•IJIJI'"Y •wuty~n of rrflwlon~tf 'JII'rad F Quite intcre:.tin~ s<>a:>onal and 
lmt~tludinal "''P"IHI••ncP of spn•ad Fat Ntualt)rial latitucl . ( l · 1 1 f ' 
' ' , cs c-qua 011a :;prrac or 
ESI?) wa.s found ;tbov.-: hN<'aftN disr.ussion is fonts<'d on the ~~quatorial rq;ion. In 
the prcviou~ scdion s[HI'<HI F is discu~Pd in terms of occurrence probability that 
is defin<'d by the ratio of I hP numbers of ionograms with :.prl'ad J' I races and all 
ionograms in a small <HI'a Such occurrence probability is e<\S) to intcrpr<'l ~inn• tht• 
definition is primitive. In return to this, to obtain reliable results. sufficient numbt•r of 
ionograms arc needed in each small area in which the ratio is calculatc>d. and I her<>forc> 
we are not allow<'d to divide the data set into subsets with short period. To avoid 
this problem, strength of spread F is dealt, and functional representation is adoptccl 
for the longitudinal distribution of equatorial spread F. 
Our analysis was carried out with respect to 11 data groups for the annun.l periods 
indicated in Table 2.3. The local solar time in the equatorial region for th<' first five 
groups (a-e) in the table covers 1800 to 2400 LST and the last six groups docs 0000 
to 0600 LST. In the table, one data group which should correspond to the pertod 
July-August and should lie between the groups of band c is missing because of scarce 
available data owing to an unsatisfactory operational condition of the spacecraft. 
The functional form to represent the global distribution of the spread F ar.tivity, 
F, is defined by the spherical harmonic c>xpansion as follows ( :\fATUl RA rt 11l., 1981) 
\f N 
F(.A, ¢) = P(O", ~) = L L [.\nm p~n( cosO*) cosm9 + BnmP:;'( cosO") sin m.p] 
m-On:m (2.3) 
whNe). and~ <tre the• g<'ographic: latitude anJ longitude, respcctiv<'ly, and o• is til<' 
modifi0d col<\litucl(' dclin<•d as 
o· = C"ot -• r(.A. ¢) 
.j cos .A 
(1. I) 
with the nragnl'lic dip an~l·· f . The• contours of f"Onstant rnodifi~>d •·olatitud" an• 
dens<' and p<ualld to thosr of constant dip ant;l•! nPar the ma~nPtw equator a" shown 












T.\BLE 2.3. .\nnual Periods of the Data Groups for ESF Study 
U:Ji' 
April 27 - June 3 
Aug. 24- Oct. 2 
Oct. 25 - Dec. 2 
Dec. 23- Jan. 28, 1979 
~lay 29 - June 15 
Aug. 11 - Sept. 1 
Sept. 2·1- Nov. 2 
Nov. 25- Dec. 30 
1979 1980 
Premidntght (1800-2•100 LST) 
Feb. 21 - i\larch 29 
April 22 - May 26 
Aug. 20 - Sept. 27 
Oct. 20- Nov. 26 
Dec. 18- Jan. 23, 1980 
Feb. 15 - ~larch 22 
April 16 - May 23 
Aug. 18- Sept 14 
Oct. 15- Nov. 19 
Poslmtdnight (0000-0600 LST) 
Jan. 20- Feb. 26 Jan. 16- Feb. 22 
~larch 22 - April 27 
Ma.y 23- June 13 
Aug. 6 - Aug. 27 
Sept. 23 - Oct. 27 
~ov. 19- Dec. 25 
i\larch 18 - April 23 
Ma.y 17- June 20 
Aug. 1- Aug. 12 
Sept. 27 - Oct. 20 
Nov. 13- Dec. 15 
111 Figun• :!.1:1. SincP the oc·cllrrf'n<:c probability of equatorial sprPad F i:-. usually 
-,ymmPtric with respc>cl to the IIJaP,n<'tic NJHalor, as Wf' han• S<'<'n 111 section 2.1, tiH• 
modilic•d colatitude may be p<>rtin(•nt coordinate for tiH• n•prcs<•ntation of ecpmtorial 
sp rc>ctd F chctmcteristics. Th<• notation P;:(x) denotc>s the Lc>gendrc's associatPd 
function with orcier nand degrcf' m of the argument .r. The cot-fficicnts Anm and B,l,. 
in thC" eq11ation are to be determined by least-square fittin~ of the functional values 
to thC" global data of spread F strength. \\'e have already determined quantitative 
measure for width of echo traces, S, by equation (2.2). For the functional fitting, 
values exceed the threshold value, S- So, were used as the spread F strength, where 
So is the threshold value suitably chosen, which is the same as the value chosen 111 
section 2.4, and when a negative value appears, strength is set to 0. 
The worldwide analyses of the occurrence probability of spread F have shown 
that regions of high occurrence arc at the higher latitudes in both hemispheres and 
at the equatorial latitudes, and those regions are separated from each other with In-
termediate regions of low occurrence probability centered at around 30° in magnetic: 
latitude in both hemispheres as seen in section 2.4, e.g., Figure 2.5. For the math-
ematical convenience we have artificially put the spread F strength at zero at the 
magnetic latitudes greater than 30° X and S or oo < o· < 4!J.3o, 130.7° < o· < 180° 
in modified colatitude. 
The mapping analysis was carried out with the maximum harmonic number:; in 
equation (2.3) as N = 7 and M = 4. The distribution maps of the ESP activity 
for the g<'ographic latitude region between ±•10° are shown in Figures 2.Jtla-2.llk 
rorrc>sponding to the data groups a-kin Table 2.3. 
J.:].J ~·rasonal-longtl!LclmtLI r/Jrcl The ESF actiYity clistrib11tions shown in Figurf•:, 
2.l ·ld, 2.llr, 2.J.Ik arc obtain<•d for the northern winlN months, and they rP.:>emblt• 
Ntrh otlwr in fcal11re indicating a r!"markably high ESF activity ;lt the Atlantic lon 
~?;itucl<'s lwtwPPil 60°W and 0°. It s hould be noticed that no significant dirfPrPnrc> in 
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Fig. 2. H Global distribution rn<lps of ESf acltvtty. Figures 2.1 •1tL - 2.14k 
correspond to the 11 data groups summarized in Table 2.3. The daslwd curve 
represents the magnetic equator. Positions where plasma bubbles Wf'rc observed 
arc ind icat cd by dots (for detail sec section 2.6). 
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th" longitudinal distribution:; of lh<' !'SF activit} is sf't>n betwc~n the pr~rnidnight 
(Figun•s 2.llrl and 2.1·1r.) and the postmidnight hours (Figur<' 2.l·lk) for the same 
A counter part to thE' Atlantic high ESF adi\·ity l'<'glOn m the nort hern winter 
months can be seen as the high ESF activity region at the Pacific longitude:; between 
1 !)0° E and !)0° W in the northern summer to autumnal months as shown in Figures 
2.llb and 2 llc for the premidnight and Figures 2.14i and 2.14J for the postmidnight 
hours. 
At the Indian longitudes from 60° E to 120° E the ESF acti\ity shows slight en-
hancement in the equinoxes and a minimum in the northern winter. 
The above mentioned three typical longitudinal regions, the .\ tlantic, the Pacific, 
and the Indian longitudes correspond respectively to the three distinctive regions 
characterized by the declination angle of the earth's magnetic fields. The Atlantic 
longitudes between 60°W and 0° well coincide with the region of the large westward 
declination of the earth's magnetic fields as illustrated in Figure 2.15. In particular, 
the longitudinal peaks of the ESF activity at the Atlantic longitudes, which can be 
SI'Cn in Figures 2.1-ld, 2.He and 2.l·lk, lie at around the longitudes of maximum 
wc::;tward declination angle (-20°) at the magnetic equator. Similarly, the peaks of 
the ESF activity at the Pacific longitudes, which can be seen in Figures 2.11b, 2.14c, 
2.1•11, and 2.14j, lie at around the longitudes of maximum eastward declination angle 
(10°) at the magnet1c equator. On the other hand, the Indian longitudes where the 
ESF activity lends to be enhanced in the equinoxes correspond to the region of small 
magnetic dt'clinat ion. 
[t is also interc>::;ting to ::;ce the annual variation in the zonal mean ESP activity. 
Shown in Figure 2.16 is the zonal mean activity c\tlhe magnetic equator that is given 
by L·lnoi',!!(O) bas<>d on the functional repr<>sC'ntation of equation (2.3), where the 
summa.! ion is tak<>n for n - 0, 2, ·1, and 6. In spite of that then' exists quite high 
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Fig. 2.15. Map of the magnetic declination angle calculated frorn IG H F 75 
model. Positive values denote eastward declination a nd negative WC'Slward dccli-
nat ion. Broken curve indicates the magnetic equator. 
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Fig. 2.16. Annual variation of zonal mean spread F activity at t he magnetic 
equato r. T he mean va lues we re calculated from t he functio n;\! representatio n of 
ESF distribution maps. W idth of each bar corresponds to the period of t he data 
group in Table 2.3. 
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1n Fi!;lllf' 2.1 !i show~ maxima at tlw P(jllinoctial prriod:;. I'IH'St' maxima arise from 
the longit ud in ally widP-sprPad dis! nbu tion oft he ES r activity during lilt' PquirHwt ial 
periods. 
2.6. Irregularities at the satellit e heights 
2.6.1. Pfasmtt bubbles The most distinctive phenomena related directly to the 
equatorial sprNtd f are upward moving plume-like structures detected by the radar 
backscatter observation at Jicamarca, Peru (\Vooo:>1AN and LA ll oz, 1976), and 
the rising plasma bubbles or density depletions detected by the satellite in-situ mea~ 
suremcnts (McCLURE el af., 1977). These observations arc the manifestation of the 
nonlinear evolution of the gravitational Rayleigh-Taylor instability in the ionosphere 
(KELLEY and .\l cCLURE, 1981; OssAKOW, 1981). An electron density depletion or 
a plasma bubble arising from the Rayleigh-Taylor instability grows initially on the 
bottomside of the F layer and rises up to the topside, producing small scale density 
irregu larities as the source of spread F and radar backscatter. 
l:sually direct detection of plasma bubbles can be made by satellite-borne plasma 
probes with sufficient spatial resolution. Although spatial resolution is poor, topside 
sounders can detect plasma bubbles and provide important information such as a close 
relation between the plasma depletion a nd severe spread F at the satellite height due 
to density irregu larities (DYSON and BE:-:so:-<, 1978). M ULDREW {1980b) observed 
anoth<'f feature of plasma bubbles by the Alouette 1 topside sounder, which is as-
peel s0nsit ive sc;lltcr echoes from the bubble below the satellite altitude or rcrnote 
de ted ion of bubbles. 
Plasma bubb les arc dt'lccted by th<' ISS-b topsidesound<'f loo. Figure 2.17 shows 
consecutive ionograms indicating sprt•ad F traces ncar the magnetic equator in night-
tilll<'. Tlw e lN·t ron density at the sat<'llitc height can be scalPel mainly frorn the cutoiT 
frPqu<•ncy of Pxtraordinary w;~vc. To avoid the arnbiguily due to the coar'S<' frcC]uency 
rPsolution, 100 k ll z/stcp, tlH' rt'Sult is rN•xamin<'<l by scaling ollwr plrusrr1a paranw!Prs 
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Fig. 2. 17 Consecutive iono~r:uns nPar the Pquatorial crossing. Cutoff frequen-
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Fig. 2.18. \ 'nria.tion of electron density at the satellite height:; dl'tNmin<'d from 
the ionogram:s shown in Figu rc 2.17. 
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like ion ~yrofr<>qucncy, II ppN hj bnd frequency, and model lllt\~llet ic odd st r<>nglh un-
til consistPnt results an• ohtainP<I lwc·ause thes<> parametNs an• not indepc•ndent to 
<>ach ol hl'r. The <'h·t ron den:.it.; dPINtnined in I his way for tlw ionograms in Fig-
ure 2.17 is given in Figur<> 2.18. D<>nsity clcpldions are always accompanied with 
severe spread echoes at zero rang<' and thought to have been caused by the satellite 
encounter with plru;ma bubbles (\l cCLt.:RE et al., l077; DYSON and B ENSO:-i, 1078), 
which moved sufficiently up to the satellite altitude of about 1100 km. 
Density depletions larger than 30% of the estimated background electron density 
were found on 46 rss b passes among the 1700 nighttime equatorial passes examined. 
This value looks too small as compared with the occurrence probability of equatorial 
spread F. This can be attributed to the following: The detection of plasma bubbles 
is limited to the cases of upward movement of the bubble up to the altitude of about 
1100 km where bubbles are close to an equilibrium allitude {MULDREW, 1980&). On 
the other hand, the spread F observation is remote detection of the irregularities 
existing somewhere in a large volume extending from the satellite altitude down to 
the F layer peak within a certain angle of vie·w from the satellite. Points where plasma 
bubbles are obser\'ed are indicated by dots in the contour maps of spread F activity 
in Figure 2.14; those points are within the regions of spread F aclivity enhancement 
as ex peeled, and there exists a tendency of high observation rate of plasma bubbles 
at the ,\tlanlic longitudes in the whole year {70% of the observed bubbles are at these 
longitud<'s), which is consistent with BURKE et <LI. {1080). 
2.6.2. Pltt.sma blob.'! The density depletions or plasma bubbles arc always a~socia.ted 
with S<'VN<' backscatlN c•rhoes at ZNO range, z<>ro range spread F, but the reverse is 
not trul'. There arc many cases with no appreciable changcs in electron dl'nsity at 
the satPIIitc• h<'ight wh1•n zero rang!' spread F is obset ved. This may be interpreted as 
that tlw saiPIIitP is Vl'ry close to tlw plasma bubbll' but not within it. \Ye discuss here 
is anol hl'l' ca~w in whirh ZI'I'O ran~<· sprNld F is obsPrvNI in a::;soria.tion with density 
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l'nhancl'llll'nl at the sa.tl"llit e height or a plasma blob. Figur<' 2.1!) is an exarnph• of 
plasma blobs. 
The• observation of plasma blobs by the !SS-h salcllitP. is quite rare compar0J 
with plas111n. bubbles. This is strongly due to the method used. The frame raiP of th<' 
ionograrn is al one observation in every 6·lsec or spatial resolul ion of 500 k m along 
the satellite orbit. Any small scale den::.ity structure at the F region height is thought 
to be elongated along the magnetic field line. The observed scale of the structure 
depends on the angle between the magnetic field line and satelltte trajectory. Thus 
the chanc<> of the satellite encounter to a plasma blob, in particular at off-equatorial 
latitudes with large magnetic dip angl<', becomes infrequent if the sizes of plasma blob 
are much smaller than 500 km. 
Although the observation of plasma. blobs is infrequent, we should not ignore this 
phenomenon, and theories of spread P irregularities would never complete without 
explaining this. The generation of plasma blobs can not be explained by any existing 
theories. In Chapter 5 we will discuss the mechanism responsible for the plasma blobs 
as an extension of a non-local theory developed for the equatorial latitudes, which 
will be described in Chapter 4. to sub-tropical latitude:.. The theory will be compared 
with the extensive observational results of plasma blobs as a plasma pro he aboard 
the Hinotori satellite (WATANABE and 0YA, 1086). 
2. 7. Coududiug r cmnrks 
TIH' I opside ionosp h<>ric sounding by the ISS-h satellite first allowed to invest i-
gate complet<> worldwide morphology of spread F. In particular at eCJuatonal lati-
tudes, longitudinal and seasonal de(Wndence of spread F activity could be ~xarnined 
extensivdy, and we obtained fairly clear picture of a coupled s<>asonal-longitudinal 
effect of ESr as follows: During northern winlPr s<>ason the ESI activity rs high at 
the Atln.n ll<' lonr;itudl's where the gPornagnetic fi«•lds llavl' large· wc:stward d<'clination; 
d uri np; no rtlwrn su nunc•r Sl'i\Son t lw longi ludi na I P~'<tk of ES F ;wt i v ily nrovrs I o t hi' 
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Pig. 2.1 9. Variation of electron density at the satellite heights showing abrupt 
density <'nhancement and depletion. 
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Pa.ci fie lonp;it udt>!; whPrc t lw gPomagnetic field:; ha\'1' lat'g!' Pa:-.t ward dt•dinat ion: and 
during th~ t'quinox~ till' csr acti\'ity is high at the Indian lonp;itudt':; whNI' tiH' 
magn<'t ic dedi nat ion angle is :;mall. 
Also rC\'<•aiP<I from the ionograms are the abrupt pla:;ma dcpl<'tions associated 
with :;even' backscatter echoes at the zero range. which are a:;cribed to the :;atellite 
encountN with a. pla:;ma bubble. The plasma bubbles are tiH' re:;ults of nonlin<'ar 
evolution of tlw Rayleigh-Taylor instability that is consider<'<! to be a. primary mech-
anism to generate equatorial spread F. The positions of the det<'cl<'d plasma. bubbles 
arc within th<' area of high ESF activity. Another plasma irregularities at the satellite 
height are plasma enhancements or blobs. The number of example of the plasma. blobs 
is very small, but we should not ignore this phenomenon becau:w th<' generation of 
plasma blobs can not be explained by any existing theories; any th<'ories would never 
complete without explaining this. 
Chapt e r 3: l a rge-Sca le Ionospheric S tructure 
3.1. Introdu ction 
In llH! previous chapter we have found a combined :seasonal-lon~itudinal effect of 
ESF. So far se~onal and/or longitudinal variations of ESF irrcgularilit>s have be~n 
discussed to some extent. However, some of them are based on the observations in lim-
ited seasonal and longitudinal conditions. The global morphology of ES F prcs(•nted in 
Chapter 2 is much more advanced observations such that global distribution maps of 
ESF activity arc derived for various seasons, which allowed to separate the ::;easonal 
and longitudinal variations. It also rules out some mechanisms to explain longitu-
dinal effect of ES F previously proposed, although those effects are not necessarily 
completely denied. 
For example, BuRKE et al. (1980) related the high occurrence probability of top-
side spread F irregularities in the American longitude sector to the weakest magnetic 
field at those longitudes of all others. Their discussion is based on the data obtained 
during September by the D~ISP satellite and on other published results that are also 
obtained during northern winter season (BASIJ et al., 1976; BURKE et al., 1979) Ap-
parently, any effect based on the magnetic field configuration alone cannot explain 
the annual migration of the longitude of high ESF activity as realized in Figure 2.14. 
Another discussion of seasonal-longitudinal effect of pl~ma bubble is made by 
MuLDitEW (LD80a,b). Ilc used Alouette 2 topside ionograms recorded by the teleme-
try stations <tt Q uito, Ecuador (78.6°W, 0.6°5) and Singapore (10;3.8° E, 1.'1° N). Thc::;e 
stations are in thP meridian where the displacement of the magn0tic l'quator is large. 
li e sugg!'sts that the displacement of the magnetic and geographic C'qll<ttors plays an 
important role in the initiation of ESF and bubbles. Accordingly, thP ESF activity is 
high in the DC'ccrnbN solstice at the American longitudC's whNc t he• magnetic Njuator 
is largdy displaced to the south while in the .June solstice at the longitudes wiH~re 
th<' magn!'t ic ~'quator is largely displaced to the north. U nlikc this. tlw ob~Nvatiom; 
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shown in Fi!;ures :!.l •lr and 2.l•lk demonstrate the highest ESF activity at around 
~0°\\'. whNe both Pquators roincide. Thus the displacement of tlw ma~netic equator 
may not lw a control fac·tor. 
To find nH•chanism(s) controlling the seasonal-longitudinal effect of ESF we inves-
tigate the• background ionosphere; it is quite natural to suppose that there are changes 
in the large-scale ionospheric structure related to the stability of the ionosphere. In 
section 3.2 the ionospheric electron density at the satellite heights is examined. The 
results arc interpreted in terms of transequatorial thermospheric winds in section 
3.3. In section 3.4 a possible connection between the large-scale ionospheric struc-
ture, which is the manifestation of the thermospheric winds, and plasma instability 
is discussed. 
3.2. Elec tron d ensity at the satellit e h eights 
3.2.1. North/south asymmetry There are two major factors affecting the large-scale 
ionospheric structure at low latitudes; zonal electric fields and thermospheric neutral 
winds. Zonal electric fields push up or down the ionosphere in the E x B direction 
depending on the field direction. Since the magnetic field lines are considered to be 
equipotentials at the F region heights, the electric field effect is symmetrical with 
respect to the magnetic equator in the magnetic meridional plane. Thermospheric 
winds cause the Oow of p lasma along the magnetic fie ld line through the momentum 
transfer to the ions. Resultant redistribution of ionization appears in the mag netic 
merid iona l plan<'. 'fhNcforc, it is convenient to examine the large-scale ionospheric 
structure a long the magnetic merid ional plane to separate any possible local time 
and/or longitudinal dependence of the ionospheric properties. 
As a preliminary examination, electron density along the satellite orbit was ex-
amin<'<l from the cons<'cutive ionograms. The orbital inclination angle of ISS-b 1s 
about 70° On th<• other hand, the declination angle of earth's magnetic fil'lds IS 
ahou t 15-:Wo \\' at t hi' .\ tlant ic longitudes, and about 10 o E at the Pacific longitudes. 
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Then•forr• t lw orbital plant> of t hP satellite is nearly parallel to t lw rna!!;n••t ic nh•rid-
ional pla1w ;~t thf' \tlantic longitudes for the southbound pa."~"'s and at th .. Pacili·· 
longitudes for thC' northbound passes. These longitude regions are chami'IPI iwd as 
two extremes of equatorial spread F activity during northern wint(•J' st'ason as \\'t' 
have found in the pre\'ious chapter. 
Shown in Figure ~.1 are the latitudinal variations of the electron dt>nsity at the 
satellite heights determined from the ionograms by the method dt>scrilwd in 2.6. 1. 
The electron density distributions in Figure 3.la are obtained from :;outhbound pru;s<'s 
crossing the magnetic equator in the direction almost parallel to the magnetic merid 
ians at the Atlantic longitudes between 34°W and 57° W, where the extremely large 
ESF activity was seen in Figure 2.14e. In contrast to this, the electron d<'nsily dis-
tributions shown in Figure 3.lb are obtained from northbound passes crossing the 
magnetic equator in the direction nearly parallel to the magnetic meridians at the 
Pacific longitudes between 162° E and 107°\V, where the ESF activity w<~ quite low 
as seen in figure 2.Hd. 
\\'hen the ionograrn exhibits severe spread F echoes at the zero range, the elc>dron 
density is denoted by open circles and when the ionogram does not exhibit :;uch zero 
range echoes it is denoted by dots in the figure. The latitude regions in which spread 
F was observed are indicated by shaded strips below each curve. H is noted that 
spread F is observed for most orbits in Figure 3.la, but not observed for any orbits 
in Figu rc :3.1 b. 
A VNY signific<tnt difference is noticed between Figures :3.1 ct Mel :1.1 b; whl"n 
spread }' appears ( Fi~ure :3.1 tt), latitudinal distribution of the background Plcctron 
density i:; always syllllllC'tl ic with respect to the magnetic equator, whilr> wlwn spread 
r is not ob~wrv<'d, lhC' electron density distribution is strongly ru;ymnll'tri<: with 11'-
spC'd to the magnetic t'(ptator In other words. there is a large latitudinal gradwnt 111 
background ek<:tron dPnsity distribution when CSf is not obsN\'e<l. 
T ht> t'XC'f'(>t 1011 is ohsPrV<'d in orbit 1376 in figu rP ~ . 1 "· wllf.!rt' :-.prt•ad r i:-. not 
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Fig. 3.1 a. l~leclro n density at the satellite heights determined from the iono-
grams obtained at the Atlantic longitudes. Open circles denote the existence of 
zero rang<' spread ccho<'s. Density scale of the successive curves should be dis-
placed by one order as density of 105 cm- 3 is denoted by the horizontal bar(s) 
on each curve. The vertical bars indicate the magnetic equator. Values on the 
right-hand side of each curve &ive universal time (UT) and geographic longitude 
at the magnetic equator ( :\1. E. ). The regions of spread F arc indicated by shaded 
strips and abrupt density depletions by t riangles in the strips. 
Chapter 3: Large-Scalr lono.!phcnt· Stntrlll1'f' G3 
NOV 1979 ALTITUDE (ME) 1131- 1166 km 
ORBIT TIME (ME) LONG (ME) 
8396 ----"i\ 
\ 
\ II 04 UT 162• E 
-·. --~v 8406 NOV 3 
·--. 
""-
04 52UT 113° w 
M NOV 4 I 8421 E ~ u >-
1- 8487 -----~'--..._ 
l/) ........... 07 42 UT 156•w 
z 
"'., 
NOV 5 w 
Cl 
'-.. OS 39 UT 141•w z 849:-~ 0 NOV. 10 




M.E 03 04UT 107•w w ..... 
8515 ~ NOV 11 
-· \ & 10 5 \ 10 
·,·"'-..._ 07 43UT 176•W 
NOV 12 
10 4 
-3o• o· 3o· 
MAGNET IC LATITUDE 
Fig. 3. 1 b. Same as Figure 3.la but for the Pacific longitud es. No spr<'ad F is 
observed. 
54 rlwpfrr .1: lnrgr-Smlr lono.!phr.ric Stn£ctltrr 
obsN\I'd but lhl' dPctron density distribution is not ,.t"ry much asymmetric lik(• the 
pas~p-; in Fi~ur" :1.1 b. 'l'lw difference of orbit •1376 from t lw other orbits 111 same 
lcHlgitudP rl'gion is the lack of den::.ily bulge at around the ma~nelic equator, which 
may imply t hal the ea$lwarcl electric field or upward Ex B drift velocity wa.s very 
small compared with the others. The lack of ESF and lack of equatorial density bulge 
in orbit 1376 invoke some contribution of the eastward electric field to the generation 
of the plasma irregularities. However, the reverse is not true as seen in orbit 8515 in 
Figur<' 3.1 b, where spread F is not observed nevertheless an appreciable density bulge 
exists at the magnetic equator. 
3.2.2. Electron density determined from sounder AGC The connection between 
the occurrence of equatorial spread F and large-scale electron density structure is 
demonstrated above by examining selected passes so that the satellite orbits were 
nearly parallel to the magnetic meridian. To generalize the above results a large 
number of ionogram data must be dealt with for the statistical confidence. However, 
most satellite orbits are not parallel to the magnetic meridional plane. Instead of 
analyzing individual passes, worldwide distribution maps of the electron density were 
obtained by using data in all satellite passes. For this purpose the electron density 
was determined by a. computer processing of the sounder receiver AGC (automatic 
gain control) data. instead of scaling the characteristic frequencies. 
The AGC voltage data of the ISS-b sounder receiver arc available ;~t the time 
just before the pulse transmission. The interval between consccu ti ve pu lses is 0.111 
sec {pulse repetitio n rate of 9 Hz) , which is sufficiently long to decay the pulse-
sti mulat ed plasma waves { BENSON, 1977, 1982). At frequencies between the plasma 
frNplcncy at the sat<>llite height and the ionospheric critical frequency {!0 F2) below 
the sa!l•llitl'. I he ,\GC voltage gives the intensity of cosmic radio noise (C'R:-1') without 
an) c>ffl'ds of tht• pulse> transmission and interferences from the tran:;rntssion on the 
ground ( ll.\lll'7., l!)li!)) :\ear the plasma fr<'quency, however, the• rcceiVC'CI intensity 
Clwplo· J: LMge-Scalc lonospltr.l'fr Strurturr 55 
of CRN gradually dl'c·n•;t.-;Ps with !owNing the frl'quPnry by propagntion efr,•rts trl 
the I opside ionospi1Pre (II A ltT7. and Roc ER. 1964). Thus I he cutoff frl'qul'nry of 
CR:\ d(•termincd from the AGC data provides a measure of electron clcn,;ity ill tlw 
satellite height. In t lw actual receiving system. however, CR \ cutoff is a fu rwt ion 
of the elect ron density, antenna gain and direction. ionospheric scale hei~ht. and 
CR:\ strength at the top of the ionosphere. \\'hile, there arc large difTic-ulti,•,.; in thc 
theoretical determination of the quantitative relation between the cutoff frl'<plency and 
each factor that affects the CRN cutoff. Instead of theoretical model, we have derived 
an empirical relation between the AGC output and electron density by exalllining 
about 300 sampled ionograms and corresponding AGC data. 
Figure 3.2 shows an example of AGC data and scaled plasma paramd<'rs for one 
revolution of the satellite. The AGC data are represented by the gray scale in the 
upper panel; white area corresponds to zero and darker areas correspond to higher 
AGC levels. The figure is constructed from 104 ionograms or 10 I CH:\ spectra. and 
only lower frequency part (0.5-8.5 .\1Hz) is shown. At frequencies of 3 8, 5.8, 5 !l, 6.0, 
7.6, and 7. .\1ll z, continuous intense signals appearing as horizontal lines are due to 
instrumental spurious noise. Fortunately, the spurious noise disappears at frequency 
just below the CR:\ cutoff frequency; therefore it does not affect the determination of 
electron density. r nlensc intc>rfercnces of ground transmissions are recogniz<'d at the 
upper right port ion of the figure at frequencies above foF2 shown by the soltcl line. At 
the lowe r frequency r<>gion centered 1.0 MHz, fairly int ense AGC levels arc n•c·orded, 
which arc presumably due to instrumental effects but details arc unknown. In the 
lower panel, CHN cutoff UcNo), ordinary wave cutoff {fv), and cxtraordin;uy wave 
cu toff Ux) frequenrics are shown by dots. solid line, and dashed lin<', rcspcctivc•ly. 
Scatter plots of ,\G C and plasma parameter arc shown in Figu1C's :3 :111-:l.ac. 
The ordinatl's arc• ,\GC l<>vel of the raw 8-bit telemetry data format for all fi~urcs. 
The> abscissas arc ordinary wave cutoff (3.3a), extraordinary wave n1tofr (:1 :If,) and 
upp••r hybrid ri'SO!H\!IC"<' (:J.:}c) frNJUI'nriPs cieterminNl from tlw iono~rams Cut v•• 
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Fig. :1.2 1\ GC intensity map (top) and scaled plasma parameters (bottom). 
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Fig. 3.3. l!: rn pirical relations_ between CRN cutoff and plasrmt parar:n<'tcr~; ord i-
nary wav<' cutoff {ct), cxtraordmary wave cutoff {b), and upp<:>r hybrrd r<'~onanc·e 
(c) frequencies. 
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fit t in~-;s wl'n' made with parabola. The ordinary wa\'e cutoff frNJnency exhibits bl':;t 
co1 rc•lat ion with Jc .vo. I hough ot lwr two also exhibit fairly good correlation. Cleclron 
dC'nsity, A~, is directly calctdal<•d by the relation, Ne(cm-a) = L.2 I x 104 [/,v( .\ l llz)JZ. 
:.J.J .. ). Global mctps of electron density By using the empirical relation described 
above, the electron density was cletNmined for all ionogram data. Then the global 
mapping analysis was carried out for two periods, the northern hemisphere winter 
(OctobN 2·1, 1979-February 18, 1980) and northern hemisphere summer {April 21. 
1980-August 22, 1980) seasons in the form of functional fitting similar to that used 
for the analysis of the spread F activity except for no artificial setting of the values 
at modified latitudes higher than 40°. The local times were limited to 2000-2400, 
because there exists a large local time variation in the electron density; the maps are 
so-called constant-local time maps but not snap shots of the ionosphere. 
Results are shown in Figure 3.4. The contour lines indicate log Ne m cm-3 . 
The electron density distribution is somewhat complicated, and it is not necessarily 
maximum at the magnetic equator indicated by the dashed line nor t he geographic 
equator. The dash-dotted lines are drawn in parallel to the magnetic meridians at the 
magnetic equator for two typical longitudes with maximum eastward and westward 
declination angles. 
Figure 3.5 shows latitudinal sections of Figure 3.1 along the magnetic meridional 
plane approximated by the dash-dot ted lines. The upper two panels in Figure 3.5 are 
for t h<> no r! hcrn winter period and lower two are for t he northern summer period; 
and th<' left two panels are for :3oow longitude {Atlantic region) and the right two 
an' for 1;)0° \\' longitude (Pacific region). A systematic change in the shape of the 
magnetic meridional distributions of the electron density can be seen depending both 
upon the longitud<'S and sea:;ons. The electron density di:;lribution is symmetric with 
n•spPct to the magnetic equator both at the Atlantic longitude in the northern winter 
pPriod and at the Pacific lon~it uclc in the northern summer, where and when lh<' ES F 
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Fig. :3.'1. Contour plots of logarithm of electron density at the satellite heights 
for uorlhern winter (upper panel) and northern summer (lower pan~l) sea:;ons. 
The daslwd curve indicate::; the magnetic equator, and <~a:;h-dotted lme:; arc .thP. 
tangents to the magnetic meridional plane at the magnetic equator for two typ1cal 
cases; longitudes of maximum eastward and we:;tward decimatiOn angles. 
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Fig. :3.5. L;\titudinal distribution of electron density at the satellite he ights 
along the dash-dotted lines in Figure 3.4. The upper two panels arc fo r the 
northern wintN sNtson and t he lowe r two arc for the northe rn :;umme r sca:;on. 
The left two panels arc for the Atlantic region and the right two arc for the Pacific 
rPgion. 
Chapter J: Largr-Scalr Jortospl!r.nc Structurr 61 
activity is high. In contra:;t to this, the electron den:;ity distribution is a:;ymrnt>tric 
both at lht> Atlantic lon~itude in the northern sumrnt~r and at tlw Pacific longitudt> 
in the winter, whNe and when the CSF acti,·ity is quite low. 
Thus the connect ion bet ween the occurrence of ES r and largt'-scale ionospht•rir 
density structure, which was first obtained for the selected passes, is confirmed in-
dependent of the orbital condition or angle of the satellite orbit with the magnetic 
meridian. 
3.3. Neu t ral wi nd effect 
We have discussed in the previous section north/south asymmetric distribution 
of the e lectron density at the satellite heights relating to the occurrence of equatorial 
spread F. It is essential to investigate, however, the distribution of electron clen:;ity 
below the satellite altitude, because plasma bubbles are formed on the botlornside of 
the F layer, and then rise up to the topside (OSSAKOW, 1981). 
The real height reduction of the ionograms gives us information on the elec-
tron density distribution from the satellite altitude down to the F layer peak. Two-
dimensional :;tructure in the magnetic meridional plane of the topside electron density 
distribution obtained from the consecutive ionograms is shown in [• igur<'S 3.6a and 
3.6b for two typical passes, orbit 4442 appearing in Figure 3.1 a and orbit 8·121 in 
Figure 3.16. In Figure 3.6a the electron density at the altitudes below the letters "F" 
could not be determined from the ionograms because of the severe spread F condition. 
The uppe r boundary of the region of spread F irregularities is closely aligned with the 
magnetic field line denoted by the broken cu rve crossi ng the equator at 1000 km, being 
symmetric with resrH'ct to the magnetic equator . In the region outside lhP spread 1· 
irregularity zon<' cvidently the contours of electron density up to lhc :;all•llitc altitude 
from thP F lay!'r peak show striking similarity in pall ern bctwPcn both hemispheres 
nolwith::.tandtng rwarly solstitial conditions. Another important point to be notPd 
here is a symmetric: pattPrn of the F layer peak altitudes in both h••misplwrr~ de-
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Fig. 3.6a. Contour plots of logarithm of electron density in the plane parallel to 
the satellite trajectory. The orbit crosses the magnetic equator at 42°W longitude 
(over the Atlantic Ocean). The vertical electron density profiles are derived by 
the real height analysis of the consecutive ionograms along the orbital path. The 
letter "P" denotes the F layer peak. Spread F traces appear in the region below 
the letters " F''. The magnetic field line crossing the magnetic equator at 1000 km 
is shown by the broken curve. 
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Fig. 3.6b. Same as Figure 3.6a but at the longitude of l56°W (over the Pacific 
Ocean). No spread F is obsc>rved. 
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notPd by tit•· lt•ttl'r:-; "P" in Llw li~ur<', which may imply that IIH• thl'lllll)sph<•ric wind 
com porwnl in ! hP ma~ncl ic nH•rid ion a! plane i::; d ivcrg<'tH"<'/ con vNgt•nct• wind with 
rrspt><'l to tlw magrwt ic <'qua tor ancl transequatorial wind is weak. 
In coni ra~t to aho,·c. in figurP 3.6b. the electron density distribution is quite 
asymmetric with respect to the magnetic equator. The contours in the southern 
hemisphNI' arf> n<'arly horizontal while those in the northern hemisphere decline. 
Considenng magnetic field aligned density profiles, the di::.tance::; from the equator 
down to the points of log Ne = 5.3 along the broken curve are 630 krn in the southNn 
hemisphere and 1:100 km in the northern hemisphere. The F lay<'r peak altitudes 
also exhibit asymmetry such that hmFz between 20 and 25° N is about 280 km and 
hmF2 at similar latitude in the southern hemisphere is about 450 km. All these 
asymmetric characteristics are well attributable to strong transequatorial thermo-
spheric winds blowing from south (summer hemisphere) to north (winter hemisphere) 
as follows {8ITTENCOURT et af., 1976: BITTE:-<COURT and SAHAI, 1978; ANDERSON 
and ROBLE. 1981): A poleward wind transports ionization to the lower altitudes along 
the magnetic field line through the momentum transfer from the neutral particles to 
the ions, while at the same time an equatorward wind transports ionization to the 
higher altitudes in the other hemisphere. Thus the transequatorial wind yields hemi-
spheric a~ymmet ry in the field aligned electron density distribution and layer heights 
off the equatorial plnn<'. 
T11<'s0 two examples of meridional structure allow us to conclude that the sym-
rnetry Ja~yllltll<'try in the distributions shown in Figures :3.1 and 3.5, which arc statis-
tically rl' liable rc::;ults, may extend down to the whole F region and may reflect the 
df<'ds of tlw tran::;<'quatorial winds. 
The horizon I al component of the t hermospheric pressure gradient is the rnajor 
drivin~ for<'<' for Llw w1nds in the ionospheric F region (RISIIOI':TII, 1!)72), and Coriolis 
forn' mnishe:-; at I Ill' g<'ographic equator. The driving force at the g<'ographic equa-
tor and at altitud<' of :IOOkm 1s rompulPCi from the nPutral air d<•nsity and n<'ulral 
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tcmp<'rafm" bas<'d on the ~ISIS (rna.ssspf'clromcl<'r and iucohl'rcnt scaltt•r) empirical 
t.hermo::;phNic mod1•l (If ED I!': rt rd .. 1977a. b) by using a value of F10 7 flux at 170 to 
be adequate to f lw pNiod of the lSS-b observation. and a value of ,.\P index at •1. Fi~­
ur<> 3.7 show::; annual variations of two components of the drivinv; fon·c pN unit ma::.s 
of the air parallel and perpendicular to the magnetic field compulcd for 1900 LS f 
which is slightly early to the time when ESF is first observed, and for three casc>s in 
which the declination angles Of the magnetic field are -20°1 -20, and 1 0°C0rf'<'SJ>0fl<ilng 
to the equatorial points at I he Atlantic, Indian. and Pacific longitudes, re>sp<'ct ivc>ly. 
Where the minus sign denotes westward declination and the plus sign do<':> <'astward 
declination. 
In the figure the plus sign means eastward and northward for the pNpendicula.r 
and parallel components, respectively. The perpendicular components do not change 
very much with seasons, but the parallel components are very variable not only in the 
amplitude but also the sign. The parallel components become small during northern 
winter period for the field line of -20°declination, which represents th<' Atlantic longi-
tudes. during northern summer period for 10°declination, the Pacific longitudes, and 
during two equinoctial periods for -2°declination, Indian longitudes. In other words, 
therrnospheric winds arc expected to blow in perpendicular lo the magnetic field line 
in the three c~<'S described above, and the strong transequatorial wind i::. expected 
for the rest of th<' above three conditions. 
By these calculations, we conclude that the symmetric and asymmetric structure 
of the electron d<'nsity di::;tribution in the magnetic meridians, which we IHW<' se<'n in 
F'ig 11 res :1.4 and :3.5, is due to the transequatorial component of thcrrnospiH•ric winds. 
J .4. A p ossibl<' connection between ESF and t he large-scale stru cture 
As we ha.v0. briefly mentioned in 2.6.1. equatorial spr<'ad l 1s duf' to srnall-scalP. 
d<'n:>ity irr<'gularit i<'s which a.rf' generated in association with I he nonlinl'ar evolu lion 
of t hf' gravitation a I lla) !Pigh-Taylor instability. An ele<:tron dPnsity dPpl!·t ion or a 
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Fig. 3.7. Driving forces based on the MSIS empirical thcrmosphcric model: 
components parallel to the magnetic field (upper panel) and perpendicular to 
it (lower panel) for a variety of magnetic declination angles; 10°, -2°, and -20°, 
which represent the Pacific, Indian , and Atlantic longitudes at the magnetic 
equator, rcspcd ively. Positive forces denote eastward for the perpendicular com-
ponent and northward for the parallel component. 
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pl~ma bubhlc arising from lh<' H<tyleigh-Ta.ylor instability grows initially on tlw bot-
lomsidc of tlw f layer, and ri~es up to the topside. producing small scale density 
irrl'gularitit>s as tlw source of spread F. Although a numerous nurnb••r of ohsrn·a-
tions, l hcories, and nunwrical calculations support the aho\'e fu ndanwntal pror·pss ~ 
a cause of equatorial spread F. none of the existing theory may explain the s<'a~onal-
longitudinal effect found in Chapter 2. In this section we all<'mpt to connect LIH' 
large-scale ionospheric structure and the plasma instability. 
Recently, many researchers discussed thermospheric wind eff<'cls on the gcner-
ation of Rayleigh-Taylor bubbles (CHru and STRAUS, 1979; I(ELI.IW rt a/., 1981; 
GuZDAR et al., 1982; ANDERSON et a/., 1982; and TSUNODA, 198:3) and on the evo-
lution of the bubble (ZALESAK et a/., 1982; and ANDERSON and i\IP.NDILLO, 1983) . 
The above authors discussed a zonal component of the winds which take:. part in 
the generation of bubbles through additional destabilization or seeding of l he gravity 
driven Rayleigh-Taylor instability. What we suggest here on the b~is of the ISS-b 
observations is another possible effect of the neutral wind such ~stabilization of the 
instability by the transequatorial thermospheric wind. 
As mentioned already, effects of the transequatorial thcrmospheric wind on the 
ionospheric pl~ma distribution at low latitudes are as follows: A poleward wind 
lowers ionization along the magnetic field line and, in the other hemisphere, an e()ua-
torward wind raises ionization to the higher altitudes. Thus the I ransequalorial wind 
yields hem isp heric ~ymnrctry in the layer heights off the equatorial plarw. 
Turning to the instability problem, before discussing the lmnsNJualorial wind 
effects, most t hl'orctical and numerical studies arc made with lwo-dirrwn':iional ap-
proximation concerning the ionospheric parameters in the equatorial plane. There 
also lravc bPen some cffor ts to investigate the ionospheric instability laking tlw con-
I ribution of plasnra away from tire P.qualor into considcrat ion. 11.\l:lti~SDI·:I. ( 197:3) 
point Pd out l hat the ~rowth of the> Hayleigh-Taylor insl ability at tlw 1•quatorial lat-
itude'S should lw discus:.;c>d ~ an instability problc>m for the magrH•tir lirw of luhr! 
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throngh th e whole F region. ln this case the important quantities are the electron 
contents int.<' gra.tc>d in th e ma.gnetic flux tube and the field line-integrated Pedersen 
conductivity (see also ANDERSO~ and IIAERE~DEL, I 079), instead of local quantities 
at the magnetic equator. At any rate, irrespective of the approximation, the large 
Pedersen conductivity causes shortcircuiting of the polarization electric fields arising 
from the instability process. Therefore the Rayleigh-Taylor instability is suppressed 
by the increase of Pedersen conductivity. 
HAERENDEL considered only electron density distribution that is symmetric with 
respect to the magnetic equator. The redistribution of the ionospheric plasma owing 
to the transequatorial wind, however, makes a finite contribution to the changes of 
the field line-integrated Pedersen conductivity since the collision frequency varies in 
an exponential way in altitude as schematically shown in Figure 3.8 . We consider 
a case in which the magnitudes of the rise and fall of the F layer at the conjugate 
points are equal and greater than the scale height of the collision frequency ( rv50 km) 
( OSSAKOW et al., 1979). The net increase of the line-integrated Pedersen conductivity 
may be appreciable because of the larger contribution from the plasma on the lee side 
than the opposite contribution from the plasma on the windward side. 
BITTENCOURT and SAHAI (1978) calculated that the transequatorial wind with 
velocity of 200m/sec produces a difference of 120 km in the F peak heights between 
the conjugate points at 15° in magnetic latitude. Thus it is reasonable to postulate 
that an intense transequatorial wind changes the integrated Pedersen conductivity, 
which results in the suppression of the growth of plasma instability. Many observed 
aspects of the seasonal-longitudinal effect of ESF and electron density distribution 
arc well accounted for by this mechanism. T he discussion so far, however, is qu ite 
speculative, so we need more theoretical and numerical elaboration of this idea, which 
wi ll be> dcscrib<'cl in the next chapter. 
MAGNETIC 
FLUX TUBE 
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NEUTRAL WIND f3 . v 
Fig. 3.8. Schematic illustration showing the effect of a transequatorial com-
ponent of thermospheric winds on the redistribution of the ionosphere and the 
stability. 
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3.5. Concluding remarks 
It was found that the electron oensity distribution in the magnetic meridional 
plane is symmetric with respect t.o the magnetic equator when and where the ESF 
activity enhancement is seen, while it is asymmetric when and where the ESF activ-
ity is low. This morphological connection between the large-scale structure and ESF 
suggests that a transequatorial component of the thermospheric winds in the mag-
netic meridional plane plays a role in suppression of the growth of the gravitational 
Rayleigh-Taylor instability and therefore the ESF activity. A plausible mechanism 
of the instability suppression is the shortcircuiting of polarization electric field owing 
to the increase of Pedersen conductivity by the lowering of the ionospheric heights in 
the lee side hemisphere of the transequatorial wind. Therefore absence of a transe-
quatorial thermospheric wind is one of the important necessary conditions for the 
generation of ESF. Such condition tends to be satisfied at the Atlantic longitudes 
during the northern winter, at the Pacific longitudes during the northern summer, 
and at the Indian longitudes during the equinoxes, where the directions of the ther-
mospheric diurnal winds in the nighttime F region tend to be perpendicular to the 
magnetic meridians following the seasonal migration of the thermospheric pressure 
bulge. 
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4.1. Introdu ction 
We have found a significant longitudinal-seasonal effect of equatorial spread P 
(ESF) in Chapter 2. This effect is shown to be connected with the change in large-
scale ionospheric structure due to the transequatorial thermospheric wind in Chapter 
3. Furthermore it is proposed that the redistribution of plasma along the magnetic 
field line due to the transequatorial wind, which is the cause of the change in large-
scale ionospheric structure, plays an important role in the growth of the plasma 
instability. The discussion presented there, however, is very speculative; therefore we 
need numerical elaboration of this mechanism. 
Recent extensive experimental, theoretical, and numerical studies allow us to 
conclude that the basic mechanism for the generation of ESF is the gravitational 
Rayleigh-Taylor instability operating in combination with the Ex B drift instabil-
ity due to an ambient eastward electric field (BASU and KELLEY, 1979; KELLEY 
and McCLURE, 1981; OssAKOW, 1981). Up to the present a large number of theo-
retical and numerical studies of the Rayleigh-Taylor instability have been made, but 
most of them are based on the two-dimensional approximation that considers only 
plasma in the magnetic equatorial plane. However, in the mechanism proposed in 
Chapter 3 to suppress the plasma instability, plasma away from the magnetic equa-
tor is important. Thus the exist ing two-dimensional theory cannot be applied to 
the current problem or transequatorial wind effect on the pla.:;ma instability and the 
seasonal-longitudinal effect of ESF. 
In this chapter a non- local theory of instability model for the grav itational 
Rayleigh-Taylor and E x B drift modes is developed. The instability model includes 
the co ntributions from plasma away from the magnetic equatorial plane. fn section 
4.2 theoretical expression of the linear growth rate of the instability is derived. The 
growth ratr of the instability is enluatrd using the ion density distribution obtainl'o 
71 
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by soh·in~ thP. ion conttnuity equations including dynamics foro+, j\()+, ot. and 
\ :1" 1ons und<•r the in fluencc of Plect ric fields and ncu t raJ wind::;. In sect ion t.:j the 
mat hemal ical formula! ion for the ionospheric modeling, elect ric field model, and neu-
tral wind modt•l are de:scribed. In ::;ection -1.4 the results arc shown, and the effects 
of the trans<'quatorial component of the thermospheric wind and theE x B drift are 
disc u ::;sed. 
4.2. Non-local theory of plasma instability 
4.2. 1. Preltmina1·y dtscttssion There has been a great advance in the theoretical 
and numerical studies on the instability relating with ESF, and we have a fairly clear 
picture of the problem (OssAKOW, 1981). Most theories and numerical simulations 
have been developed on the basis of two-dimensional approximation, in which only 
characteristic values in the magnetic equatorial plane are considered. In the iono-
spheric F region the diffusion is allowed only along the magnetic field line because 
the ion-neutral collision frequency is very low in comparison with the ion gyrofre-
quency. On the other hand, the magnetic field lines are assumed to be horizontal 
in a wide latitudinal extent around the magnetic equator. Thus the ionospheric pa-
rameters relevant to the instability do not change very much in the direction of the 
magnetic field line ( IIANso:-; el a/., 1986), and the two-dimensional approximation 
may be pNtinenl to the problems in many cases. 
Figur<' 4.1 schematically illustrates bottomside of the equatorial ionospheric F 
region. ln the figure B , E , and g represent earth 's magnetic field, ambient cast-
ward declric field, and gravitational force, respectively. Tn the ionospheric F region 
gravitational (r11(g x z}/f1,) and Pedersen (upE ) currents flow (cgs system is used 
throughout thl' paper}. WhNc e is the charge of the ion, n is the ion density. z is 
the unit \<'dor parallel to B , n, is the ion gyrofrequcncy, and Up is the P<'dcrsen 
condudi\·ity a:s <kfin<'d later. T h<'Se currents are carried by the ions. When there ex-
ists unduration. lh<' current::; t·ausc> charge accumulation. The rN>ullant polarization 
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g 
Fig. tl.l. Schematic illustration showing linear instability at the bottom::;idc <?f 
the equatori;\l ionosphc>ric F region for two-dimensional approximation. Shown IS 
the zonal plane: the <'arth's magnetic field (B ) is perpendicular to the planr•, and 
the ambient zonal electric field (E ) and the gravitational force (g) arc para!lcl 
to it. The polarization electric fields (E ')due to the small dens1ty p~'rturbat1on 
cause the perturbation to grow. 
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electric fields, E', operate in such a way that the perturbation drifts, E' x B , cause 
the undulation to grow. 
The linear growth rate of the instability for the above system is well examined 
and given by (e.g., ScANNAPJECO and Oss,uww, 1976; OTT, 1978) 
'Vn g E != - (-+c-) 
n 11;11 B 
( 4.1) 
where Vn is the upward-directed ion density gradient, v;71 is the ion-nutral collision 
frequency, and c is the light velocity. The ambient electric field, E, is taken to be 
positive for eastward direction. The first term in the right-hand side of ( 4.1) is the 
gravitational Rayleigh-Taylor term and the second is the ExB drift term due to 
an ambient electric field. The gravitational force is always antiparallel to the ion 
density gradient on the bottomside of the F layer. Thus, in equation ( 4.1), we note 
the Rayleigh-Taylor term is always unstable at the bottomside; while the Ex B drift 
term is unstable at the bottomside only when the direction of the ambient electric 
field is eastward. A steep upward gradient in ion density at the bottomside yields a 
large growth rate, which is attained at night due to the rapid recombination process 
and the lack of photoionization in consistent with the fact that ESF is intrinsically 
a nighttime phenomenon as shown in Chapter 2. For the Rayleigh-Taylor term, the 
collision frequency, !lin, in (4.1) is related with the Pedersen conductivity as 
cen !lin 
(1 - - -
p- B 0; (4.2) 
When the layer is high, or 11, 71 is small, the Pedersen conductivity is small and the 
shortcircuiting of the polarization field due to the gravitational force is not very 
efficient. KELLEY and MARUYAMA (1091) calcu late instability growth rate using the 
vertical drift velocity (equ ivalent to the zonal electric field) observed at J ica.marca, 
P<'ru, a.nd cornp;ucd with the occurrence of severe spread F. They show that the 
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eastward electric field is by itself not sufficient for sev<'rc spread F, and layN must 
be transported to a high enough altitude that the gra\·itational tNm lwconH's strong. 
Thus the Pedersen conductivity seems to be the crucial paramet<'r for the insta.bility. 
Although a consensus has been reached that the basic Rayleigh-Taylor instability 
process in conjunction with the Ex B drift instability accounts for ESF generation 
based on the two-dimensional approximation, there remain some observational as-
pects of ESF and bubbles not clearly explained with the two-dimensional model. For 
example, in Chapter 3, we have argued a role of the plasma away from the magnetic 
equator in the suppression of instability to explain the seasonal-longitudinal effect of 
ESF, where the change in the integrated Pedersen conductivity is important. 
ZA LESAK et a{. (1982) developed a three-layer model for numerical simulations 
of the effects of zonal neutral winds and background Pedersen conductivity on the 
nonlinear evolution of plasma. bubbles. This model considers the effect of the plasma 
away from the equator. Their layer 2 represents an equatorial plane and layers 1 and 3 
simulate theE layer with large Pedersen conductivity away from the equatorial plane. 
Three layers are electrically connected with each other via a. conducting magnetic field 
line, but particle flows between the layers are inhibited. 
There is another effort to investigate the ionospheric instability taking the con-
tribution of plasma away from the equatorial plane into consideration. BALSLEY et 
a/. (1972) pointed out that the quantities in (4 .1) have to be replaced by those av-
eraged along the magnetic field line. They demonstrate that the plasma is unstable 
just above the F layer peak at the equator where the integrat<'d electron content has 
upward gradient. llAERE:-<DEL (1973) derived a growth rate of the Rayleigh-Taylor 
in:;tability in terms of the above mentioned field-line avNaged parameters. 
The present work differs from that of IIAERE:'-:DEL (197:1) in the following way: 
( l) In the present instability model we consider the electron density gradient which 
changes as a function of position on the rnagn<'tic fi<'ld line, while II A ERENDEJ, consid-
ers the gradiNil of the inl<'gra.tcd <'lect:-on content; ;Uld (2) the ambirnl r ledric fields 
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are indudl'd in lhe present mode l, but not in the model of IlAERENDEL, which is 
important for lh<' application of the theory to the actual problem because the Ex B 
drift term is equally important to the gravitational Rayleigh-Taylor term in the in-
stability as we will see latN. The linear instability model we are developing here may 
be considered as an extension of the three-layer model described by ZALESAI< et a/. 
(1982) to a multilayer model. 
The numerical calculations with non-local instability model include not only o+ 
ions but also molecular ions by two reasons. First, the ion-neutral collision frequency is 
extremely high at the lower altitudes where the molecular ions might be the dominant 
ion species. Therefore the Pedersen conductivity in the molecular ion-dominated 
region away from the magnetic equator, but electrically connected with the equatorial 
ionosphere, may have an appreciable contribution to the instability even if the o+ is 
major ion species in the magnetic flux tube. Second, preliminary model calculations 
showed that the o+ density after the sunset rapidly dropped to zero with decreasing 
altitude on the bottomside of the F layer by the recombination process. The vertical 
electron density gradient became extremely large near the altitude of zero density. 
Thus the growth rate of the instability reaches the maximum value there. On the other 
hand, rocket experiments (MORSE eta/., 1977) show relatively constant valley electron 
density of 103 "' 104 cm-3 in the bottomside, in which molecular ions are considered 
to be dominant ion species. Therefore the above maximum growth rate at the altitude 
of n(O+) ,...., 0 is unrealistic and including the molecular ions is indispensable for the 
quantitative analysis of the instability. 
4.2.2. Coo1·dintde system In the computation of the parameters pertinent to the 
instability growth rate the magnetic field line is supposed to be in a dipole geometry 
and to be an equipotential. We use the orthogonal coordinate system (p, q, 'rfJ) which 
is oft<>n used in a problem that inc ludes a dipole magnetic field (see MuRPHY et 
a/., 1!)8:3), wller<' 1/J is longitu<.le, anJ p and q arc defined as follows from the polar 
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coordinate 7' (geocentric distance) and 0 (colatitude), and earth's radius r 0 
r 
]J = ---=-
rosin 20 (•Ua) 
(·l.3b) 
Magnetic field lines are provided asp =constant. Considering a plane that is perpen-
dicular to the magnetic field line, we determine unit vectors £, y, and s as £ directs 
east and y directs up, both in this plane, and as s directs south along the magnetic 
field line. Scale factors are 
h f)£ . 30 1 = f)rp = pro sm ( 4.4a) 
(4.4b) 
(4.4c) 
where C:i = (1+3cos 20)l1 2. The magnetic field lines are assumed to be equipotentials 
(= ¢>), and the eastward electric field component at a. given point on the field line, 
E.;, is connected with that at the equator on the same field line, E;q, as follows: 
(4.5) 
The strength of magnetic induction, B, of dipole field is represented a.s 
(·1.6) 
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whPrc> I:Jo is the strength of magnetic induction on the earth's surface at the equator. 
Thus I he Ex B drift vdocily due to an eastward electric field, V.L, is connected with 
the c>quatorial values on the same field line, Vp, 
cEx sin 3 8 
U.L = -- = --Vp B ~ (4.7) 
f.J.:J. Linear g1·owth rate of non-local theory The instability model includes not 
only o+ ions but also molecular ions by the reasons described in !.2.1. The continuity 
equation for the i-th ion species (i=l, 2, 3, and 4 foro+, NO+, Oi, and Ni} is given 
by 
8n, ( ) Bt + Y'· n;v; = P;- L; ( 4.8) 
where n, is the ion density, v, is the ion velocity, P, and L, are the rates of ion 
production and loss, and the subscript i denotes the i-th ion species. The second 
term on the left-hand side of the equation is rewritten as follows: 
where A = sin 60/ u is the ratio of a cross sectional area of the magnetic flux tube at 
a given point to that at the equator, and v11 ; is a field aligned velocity of the i-th ion 
species. Equation ( 4 .8) is rewritten 
8n, '~""' ( )-P. L· lo(An,v 11 ,) 
81 + \.L' n,v.l, - i- •- A {)s (4.9) 
In the nighttime equatorial F region the background ionosphere is assumed to be in 
a quasi-rquilibrium, and the> right-hand side of the above is neglected; 
On, ( ) i)t + V'.l· n(V.Li = 0 ('l.lO) 
Chapter 4: Throrrlirttl Ctdr.ultztion of ES! 19 
Pt•rpcndicular comporwnt s of I he ion and c>lt>rlmn vrlocil it>s under the> in !I tlt~rwr 
of an !'!Petrie fic>ld E and the gravit) g are gin•n a:; 
(·1.11) 
(·1.1~) 
where v;n and v-.n are the collision frequencies with neutral particles for ions and 
electrons, D; and ne arc the ion and electron gyrofrequencies, m, and me are lhC' 
ion and electron masses, g =I g I. e is the magnitude of the> charge on the part iclc>s, 
and I is the magnetic dip angle. In the ionospheric F region the ratios of collision 
frequency and gyrofrequency are 1/ K, = v;nf!L, ~ 1 for ions and 1/ Ke = lien/De :::::: 0 
for electrons. Thus the above equations are approximated by 
cE cE x s g cos I . 
V.Lo = ------ + --:r 1\.,B B n, 
cE x s 
V.Le = ----8 
Here we define the following quantity: 
j.l, = en;(V.Li- V.Le) 
cen; E [ n, . 
= -- + egcos -x BK, n, 
Substituting ( 1.13) and (•l.l!i) into (·1.10) we hav~' 
i) 11 , ( E x .~) I ..., . 0 
-. - ('\.1.· 11,-- +- V.L' J .Lo = 
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W<' suppos<' E Eo+ E 1 where E o and E 1 are background and perturbed states, 
r<'sp<·c:ti\'<'ly. Th<' ambiPnt ExB drift velocity is defined by Vf.xO = -c(Eo X s)/8. 
Thus ( 1.16) is 
( l.17) 
Th<' last term on the right-hand side of (4.17) is neglected smce V.L · u~.xs "' 
I Ut:xu I fro :E. 10 5 scC 1. The left-hand side of (4.17) denotes the change of the 
ion density in the frame moving with Vsxs• 
dn; 8n; dt = 7ft+ Vsxs · vn; (4.18) 
We assume Eo= -\7</Jo, E 1 = -\lo 1 , and¢= ¢0 + ¢ 1 , and obtain 
(4.19) 
where ( = p6 sin 128/ .j. 2 . The last term of ( 4.19) is 
where~= p 7 sin 128/6.. 
We will invc>stigate instability for the equation set (4.19) and (-1.20) with the 
current conservation equation. Recause the field aligned current vanishes at the ends 
of the m<tgtH'I ic field line, the current conservation equation is given as follows by 
integrating ov<'r the> entire magnetic flux tube and taking summation for all ion species 
o = L jc \.1 -i.t.)Ads 
I 
(•1.21) 
.\ Fnurier analysis in 1.'' and t is applied for the perturbed slates. 
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o1 = ¢1 exp (i...;t- imw) 
n, = n;o + ii11 exp(i:..;t- iml..') 
where n;o is the background ion concentration. The ambient <'lectric fi<'ld, which h~ 
an equatorial strength of E~q, is assumed to be eastward and to b<' independent of 
longitude, 
Eeq ___ 1_ 8¢Jo 
0 
- pro 81/J 
8Eeq 
_ o_ =O 
81/J 
8<Po = 0 ap 
The ion density is also assumed to be independent of longitude and 111 a qu~•-
equilibrium in the frame moving with vEo><B> 
dn;o = 0 
dt 
Substituting (4.22) and ( 1.23) into (4.Hl) and (4.20) and neglecting higher order terms 
we have 
2 -
. _ icp m</J 1 8 ( ) 1 ( " . ) ( . . 1 ) twn, 1 = - 2 -8 (n;o - - v .L · J .Li exp -twl + tmlp r0 Bo( p e 
(•1.21) 
('1.2:i) 
when' up= (cp3 !:-"'(/)/ 8 0 is the ambient E x B drift velocity at the PCJUalor \\'<• define 
X, Y, <f> , and R, by 
Y - 3!._ 
- 2 
r l Br 
82 Chttptn· 4: Throrr.tiral Calculation of ESF 
<t> = exp ( -iwt + im v) 
R 
_ Vp 9 COS J 
I- + · J pro~"'• pr0 sm · 00, 
Equations (•1.21) and (·1.25) are rewritten as follows, 
. _ . - ,. 1 a {( ) 1 ( .- . ) "' 
twn.t = -tmo1." -n- n;o - - '.L · J .L• '*' ( vp e 
1 ( . ) . R _ 2 - Y n;o 
- 'V.L · J J..i <I>= -zm ;nil + m <Pt --
e 6. ~i 
Equations ( 4.21) and ( 4.27) yield 
-i L I R, ii.t Ads + mJ1 Y L J ~;, Ads = 0 
I I 
( ·1. 26) 
(4.27) 
( 4. 28) 
To calculate the first term on the left-hand side of ( 4.28), we multiply both sides of 
( 4.26) by R., then take integral over the flux tube and summation for all ion species, 
iw L j R,ii,,Ads = -im¢1X L j ~· :P ((n;0 )Ads -l<I> L j R,( VJ.. -j.J..,)Ads 
I I I 
{4.29) 
Although the current conservation (4.21) is satisfied, the second term on the right-
hand side in ( 4.29) is not necessary zero. We carry out the same process against 
(4.27) a nd obtain 
[ f l - 1' 2, a.. ·. we have gcmcra.l forms, 
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l "' J R1 ( .- . ) I L . "' J R' + 1 - I I 2 • ' ' "' J ll' 11 ' 1 ;<t> L..- , '.L · J .L• , 1 .~ = -1m L..- , ll.t: c s + 111 o1 ' L..- ~~~·, 1 ld.~ 
I I I 
( t.:l2) 
Substituting ( 1.:31) and (·l.32) into (4.27) and setting 1 = iw W<' have 
"' I [(mR,) . (mR,) 2 (mR,) 3 ]1 () ( ) -X~ -,- +I -,- - - , - - ... ( op (n,o Ads 




- · · · 6.~; Ad.~ = 0 ·1.33 
We now estimate the small parameter mR;j,. R; is less than 5 X 1 o-8 sec l because 
I Vp I :s 3 X 103 em/sec, ro "' 6 X 108 em, g rv 103 cmfsec2 , "'·~I 00, and n, "' 3 X 
102 sec- 1 (O+ ion at 250 km). If 1 is the order of 1 x 10-3 , then for perturbations 
with scale lengths>. satisfying>.= 2rrr0 fm ~ 2 km, higher order term of mR.J~t can 





"' j n;o Ads L..- 6.~ • 
• 
[ 2 "'. I -1-~_Q_((n1o)Ads + ~ L/ f~C~sl ~ ,? ((n,o)Atl.~] (U1b) To L..- ~1\ 1 ( fJp ro Sill 0fl, ( Op 
• • 
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4.3. Nunwri <·;tl com putations 
.{ .. ]./. Mnflu mttlwd formulalwn To calculat<' <'ach term in (·1.3·1). we obtain the 
unprrturi>NI stat<' of the ion distribution for Q+ and molecular ions by solving the ion 
mntinuity equalton ( 1. ) incorporating an ambient electric field E o and thermospheric 
winds in the magnetic meridional plane. Equation ( 1.8) is solved without neglecting 
any lNm in a reference frame moving with E x B drift velocity .VExo, 
dn, = P. _ L _ .!_ o(An;v 1,) _ 
di ' ' A fJs n,v.L·llsxs {4.35) 
where notations a.re the same as those appear in section •1.2. The last term on the 
right-hand side in (4.35) is given by ( i\l URPHY et nl., 1983) 
v ·V _ 6sin 48(1 + cos 28) 
.L S><B - r(l + 3 COS 2 8)2 Vp (4.36) 
where vp is the E x B drift velocity at the equator that is given by a model based on 
observations and described later. 
The field aligned ion velocity L'n• including diffusion and neutral wind effects is 
determined from the momentum equation, 
-gsin J _ kJJ1' on, _ kaT on~ _ 2k8 {)T 
m; n, os m, n~ os m, os 
wh<.'rc ion and eledron temperatures arc assumeJ to be same as the neutral tem-
perature describt>d later (T = T, = T. = T.) k1, rs Boltzmann'· ·t t · ,. n , , . . :s cons an , V;j ts 
the collision frequency between the i-th and the j-t h ion species, v,n is the collision 
fn•quency lw t wren i th ion and rwutnl SJ)<'cies u ·, · t j1 t' · 1· 1 ' · . n s <' magne tc rne n c rona com-
potwnt of t h<' ll<'u t tal wind velocity gi\'1~11 a model described later. The ion-neutral 
collision frf'<}H<'twi.-s ar<' given h) (S I'I'BBE, 1!)6 : H,\ll I' d 111., l975) 
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Vo+n = :l.t2 x L0- 11 11(0)'J.o "1!.0·1- 0.06·1lo~TJ 2 
+ (i.()() X 10- 10n(02) + 6.87 X l0- 10n(Nz) 
+ 1.2!) X 10-IOn{ll) + J.:l:! X 10-IOn(lle) 
Vn+n =6.61 x 10- 11 n(O)T 1:;(1.0-0.0-17log1'J2 
+ 3.20 x l0- 9 n{Oz) + 3.:36 x 10-9 n(Nz) 
+ 1.:37 X ] o- 10n(II)Tl 5[l..t- 0.117logTJ 2 
+ 1.06 x I0-9 n{He) 
V,vo+n = 2.64 X 10-10n(0) + 1.28 X 10- 10n(0z) + 4.3-1 X 10- 10n(l\ 2 ) 
v 0 +n = 2.50 x 10-
10n(O) 
2 
+ 8.'16 x 10-11 n(02 )[1.0 + 0.28logT + 0.039( logT) 2 + 0.00:}7( logT)3J 
+ 4.15 x 10-10n(:;z) 
VN+n = 4.23 X 10-lOn(Oz) 
2 
+ 7.64 x 10-lln(~ 2 )[1.0 + 0.38logT + 0.072( logT) 2 + 0.0091( logT) 3J 
To solve the equation set (1.35) and ( 4.37) we usc the orthogonal coordinate 
system (p, q) defined by (4.3). The transformed diffusion equations for the four ion 
species are solved by a n implicit finite difference method in the order of o+ I No+ 1 
ot and i\i by using mathematical techniques which have been described by several 
authors {sec B AILEY, 1983). Tn the calculation of the i-th ion species, because the 
eq uatio ns arc coupled to each other, the ion density and velocity of the j-th ion 
species at l = t 1 are replaced by the values calculated at the previous I imc step, 
I = t0 . Aft<'r thf' <>valuation of all ion species, the i-th ion density is r~>calculated 
using the coefficients in,·olving the parameters for t h<' j-th ion species a.t l = l1. The 
calru lations ar<' continued until a consistent solution is obtained. 
The equation sPt ( 1.35) and ( t.:n) only gives tlw one dimensional ion distribution 
along the particular magnetic field line that drifts with t's><B· \\',. solvP thc sam~' 
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••quation s('t for magn0.tic fi1'ld linl's separated by 10krn in altitude at the cqua!or. 
4 . .1 . .! Chur11r111 rraclion.~ ttlld p11mmFtr.rs of llfiLiml.'iprr.it:.s In equatio n ( 1.35) the 
ion production rate P, includl's photoionization and charge exchange with the olh <' r 
ions, I h<' ion loss ral<' L, includes charge exchange and recombination. Chemical 
n•ad ions relevant to the abov0. productions and losses are summarized in Table ·1.1. 
Tlw photoionization rates foro+ , 02 + and :'\ 2 + at the top of the ionosphere (PI, p3, 
and p.1• respectively) are obtained by interpolating the re-sults of T ORR and TORR 
( I !)85) to an F10.1 flux index of 200, where solar maximum conditions are assumed. 
Por the photoionization rate for NO+ , p2 , the value used by A NDERSON and R uscH 
(1980} is multiplied by 5.3 iu accordance with p1 = 5.9 x 10-7 sec- 1. The other 
reaction rates are similar to those used by A:-.:DERSO:s- and Rt:sCH (1980}. Density of 
neutral species, n(O). n(~2), n(02). n{H), and n{He) is calculated from the empirical 
thcrmospheric model based on the mass spectrometer and incoherent scatter data 
{~l SIS83) {HEDI:>~, 1983) with F10 1 = 200 and Ap = ·1. The density of NO, n(NO), 
which is not available from the MS IS83 model, is determin ed by the empirical relation 
(STUBBE, 1970) 
n(~O) = 2 x 102 exp { -3300ITn}n(02) + 5 x 10-7 n(O) 
whl' rc 1~. is the neutral temperature determined from the .\TSlS83 model. The density 
of atomic nitrogen, n(N), which is a lso unavailable from the mod el, is important to 
del<'rllliiH' the No+ density s in ce o; is converted to No+ through chemical reactions 
that include l\ ( A~D8Rso;-~ and Ht 'SC II , 1!)80}. How('vcr. n(;\l) is neglected because we 
arc not 1nlerested in the particular1on species but in the quantities appear in equation 
(·l.:l l). and neglecting n(:\') docs not yield a significant <'rror in those quantities. 
f .J . .J. \ 'r rl1ral Ex B clnft vrlonty It is well known thn.l th e n.ppearance of l'quit-
torial spr('ad F highly dq>('IHis on the layer height in the post sunset hours , which 
0 + hv 
XO + hv 
02 + hv 
N2 + nv 
o+ + N2 
o+ + o2 
o; + ~o 
Nt + 0 
Nt + 02 
ot + e 
NO++ e 
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TA 8 LE ·l.l. Reactions and Rate Coeffici ents 
o+ + e 
'\O+ + e 
o; + e 
Nt + e 
NO++ N 
o; + o 
l\O+ + ~ 
0+0 
N+O 
PI = 5.9 x 10-7 scc- 1 
P2 = 2.7 x 10-7 scc-1 
p3 = 1.1 x 10-6 seC 1 
p4 = 7.4 x 10-7 scc- 1 
k1 = 7.0 x l0 - 13 cm3 I sec 
k2 = 2.0 x 10- 11 (300IT) 0 5 cm3 I sec 
k3 = 4.1 x 10- 10 cm31sec 
k4 = 1.4 x IQ- 10(:300IT)cm3 lsec 
k5 = 1.0 x 10- 10 cm3 I sec 
03 = 1.8 x 10-7 cm3 I sec 
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is c;uzs,.d by 1 hP prP-r<'\'t>rsal enhancement of I he upward Ex B drift w•locity (<>.g. 
F.\HU: Y d rd .. I~JiO) . 'l'h l'l't>for<'. a realistic ExB drift modl'l should lw U:><'<l in the 
quanlilati\'f"' discussion of th<' occurr<'nce of ESF. The pre-reversal enh;uJe<•nwnt of 
drift ,·ari('s in strPn~th, duration, and time with the sea;;on and solar acli,·ity (FEJER 
cl tzl .. l!li!l) .\l::;o the Ex B drift may change with the longitud<'S. Unfortunately. 
vNy scan·p data an~ available for the drift ,-elocity except at J icamarca ( l2° S. 76.!)0 W; 
dip::::l 0 :\), ncar Lima, Peru (FEJER eL al., 1979), where a direct measurement of the 
drift velocity by a high power VHF radar has been conducted for a long period. 
As the .Jicamarca drift data are the most reliable ones and since ESF has been 
extensively studied at J icamarca and other observatories close to it, we will first 
apply the calculation to Jicamarca data. Three average diurnal variations of the drift 
velocity (FEJER et a/., 197!)) are reproduced in Figure 4.2 for summer solstice (D 
months; November to February), winter solstice (J months; May to August), and 
equinoxes (E months: February to :\lay, and August to November) in solar maximum 
period. 
Although reliability is not as good as the incoherent scatter radar results at 
Jicamarca, A DOl et rLI. (19 1) have investigated drift of the ionosphere in the evening 
hours using ionosonde data from Fortaleza (3.3°5, 38°\V; dip::::-2°), Brazil. They 
estimated the drift velocity by examining the time derivative of virtual height of the 
F2 layer, h' F2, which is assumed to provide the information of the layer height. Owing 
to the method they used, the drift velocity is reliable only for early evening hours 
or <tround pn'-revcrs;tl enhancement, when the layer altitude is high and chemical 
pron·~~cs do not afl'ect the layer altitude very much. 
. \ s Fortak;.a is at a lon;itude with a large magnetic d<>clination angle ("-'20°W) 
in contra .. "! with .Jicarnarca whNc the declination is small ("-'2°E). a large eastward 
zonal wind in tlw I'V<'nint; hours yields a large southward cornpont•nt of winds in the 
ma!);rwtic nu•riclionill plan<' irr<>spPctivc of season. On th<' other hand, a mNidional 
wind hlow-.. from I It(' summ<'f hPmisphere to the winter hPmtspher<' in lhe C'\'Pning 
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Fig. t1.2. Upward ExB drift velocity for typical seasons at .Jicamarca under 
sun spot maximum condition (after FEJER el al., 1979) . 
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hours, i.<'., southward in .J months and northward in D months. As a result, large 
:>outhward trans<'<Juatorialllows of plasma along the magrwtic field lines arc expected 
in .J months, whdc small flows art' antinpatt>d in D months . .\lore discussion of the 
transPquatorial neutral wind will be given in the nt':<l section. 
Thus calculating plasma instability for th<'Se two different longitudes, Jicamarca 
and Portalcza, is pertinent to the investigation of the transequatorial neutral wind 
effect on the ESJ:' occurrence or the coupled sPasonal-longitudinal effect of ESF. The 
data obtained at Fortaleza will be used to yield a second set of E x B drift \'eloci-
tics. Un fortunately, however, drift data are available only for early evening hours at 
Fortaleza. Jica.marca data in the corresponding season are used for the rest of the 
hours to complete the diurnal variation. The drift velocity data observed at Fort-
aleza forD months ( December 1978), J months (June 1978 and 1979), and E months 
{September 1978 and April 1979) are shown with thick curves in Figure 4.3. The 
supplemC'ntary Jicamarca observations are shown with thin curves in the figure. 
4.3 4. Neutral wind model Theoretical calculations of the global thermospheric 
neutral wind field have been made using the XCAR thermospheric general circulation 
model {T GC M) (DICKINSON et al., 1981). Recently, a simplified computer model of 
the wind field represented by a vector harmonic expansion (VSH model) has been 
constructed by KILL EEN et a/. (1987) based on the output from the XCAR-TGC~l. 
Zonal and meridional neutral winds arc calcu lated from the VS H model for a given 
altitude, latitude, and local time und er the co nditions of sola.r maximum and De-
cember solstice. Zonal winds calculated from the VS If model at equatorial latitudes 
show fairly good agreement with those measured from the Wind and Temperature 
Expcrinwnt on the DE 2 satelli te ( WHARTON et a/, 198·1). The zonal winds mea-
sured by DE 2 S<'Cm to be the most cornprehens iv<' data set. Thus it is meaningful 
to compare' llw \ 'S II model calculation and the DE 2 observations. The <tltitudcs 
of tilt' data from DE 2 rnt'<l..•mrent~'nl ran~e from 200 km to 700 km, whrle most data 































r· 4 3 upward EX B drift velocity fo r typical seas?ns at. Fortaleza und~r 
tg. ·· · · dilion Open circles connected wtlh thtck curve arc l c 
sun spot maxunum con · 1 1981) and dots con-
velocity derived fro rn ionosonde data (alftder ABf?1J era ., a ~hown in i~igurc 
nected with thin curve arc supplementa ala rom · tcamarc. 
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WPrP ol>lainPd betw<'Pil :JQO km and 100 krn. The obst>rvations were made during the 
solar maximum pNiod in a~r<'<'ment with the VSil calculation and at all local limes 
(\\'11.\H'ION rial., 1!181). \\ t' arc esrwnally Interested in the wind 111 evening hours 
IH•cau:->1' N]uat orial sprt>ad 1' is a phenomenon appearing mostly in the post suns<> I 
hours. L'he observed eastward wind was 150,.....200 m/sec at 2000LT, while the wind 
from thl' \'S II model at the alt1tude of 350 km reaches a maximum value of 110m/sec 
at 20001:r. On the other hand, at the high altitude limit of the VSII model the wind 
seems to be in good agreement with the DE 2 observations. The disagreement at the 
lower altitudes is discussed below. 
In the low-altitude thermosphere, where the ion-neutral collision frequency is 
large, solution of the neutral momentum equation may depend crucially on the elec-
tron density distribution model adopted since ion drag is a major deceleration mecha-
nism. The electron density distribution model used in the \'SH model (or the NCAR-
TGCM) is the one supplied by CHiu (1975). According to ANDERS0:-1 et al. (1987) 
the F layer height of Chiu 's model is significantly lower than observed at the mag-
netic equator in the post sunset hours. Such difference in layer height would cause 
a significant difference in the ion-neutral drag coefficient in the neutral momentum 
equation. A:-<DERSO:-J el a/. (1982) have shown that when realistic electron density 
distributions are adopted, the NCAR-TGCl\1 model produces a maximum zonal wind 
velocity of 300m/sec at 300 km altitude and 2000LT ncar the magnetic equator. This 
value is more than three limes the corresponding value of the VSH model. However, 
observation supports such a high zonal wind velocity. StPLER ct al. (1983) observed 
wind \'docity of ...... 300m/sec by an optical method at Kwa.jalein (!J.l0 ~. 167.00 E; 
dip:::·\.3° N), Marshall Islands, under solstice and solar maximum conditions, although 
lhc maximum velocities during most nights are 150 to 200m/sec, which are stilllargN 
than tht' \'S II model calcu lations. 
Turning to the mf'ridional winds, there a.rt' no observationaJ results like the DE 2 
data to lw compared with liH• \ 'S II nwdel <:alculations. ~faximum southward veloc 
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it1<•s obsen<'d by an opt1cal method at 1\wajal\'ln (StPLim cl ttl., l!l :l) on fi,,, day:-> 
in .July 1!)7!) exn'('d 100m/sec. These aiT' about twice tlw \'Sll III0\1.-1 value at tlw 
altitude of :100 kIll. 
At present, there seem to be no reliable obsen·ations of neutral winds exct>pl for 
the zonal wind by DE 2 at the altitude of :100 to \00 km with which we llH\) const rud 
a wind model for the ionospheric modeling. As a conclusion, tlw \'Sll model for t lw 
neutral wind field is very attractive for our purpose bf'cause it provides full diurnal 
variations for both zonal and meridional winds on a consistent basis, except f01 ! he 
fact that those amplitudes of the wind velocities may be somewhat underestimated. 
On the basis of the above discussion, we adopt the high altitude limit of the wind 
from the VSH model for the altitudes higher than 300 km, i.e., no height varia! ion of 
the wind velocity at these altitudes is assumed. At the altitudes lower than 300 krn. 
the model velocity reaches gradually to the VSII value. Furthermore, for simpltcity, 
no latitude variation is assumed. The magnetic meridional component of the wine! is 
calculated by us ing the magnetic declination angle of 2°E for .J icamarca and 20° \\' 
for Fortalcza. As the output from the present version of the VSH model is only for 
the December solstice (KILLEEN ei al., 1987) the sign of the meridional component 
is reversed for the June solstice. For the equinoxes, no meridional wind is assumed. 
The calculated diurnal variations of the wind component in the magnetic merid-
ional plane arc shown in Figure 4.4 for Jicamarca. Because of the small magnetic 
declination angle at Jicamarca, the seasonal wind blowing from lhc summer hemi-
sphere to the winter hemisphere, i.e. , nort h to south in .J months and south to north 
in D months, is the major cause of the transequatorial wind 1n the rnagnPtic rrwrid-
ional plane. The transequatorial winds in the magnetic meridional plane alt ain to 
maximum values in the solstices (solid and rlash-clottf'd curvf's Ill f"i~ 1"" 4.'1), and 
. . I . I . . ( I· I ... I c I f\'c) Tlw resu Its for rort alc•za no transequatm1al wan< 1n lte t'qmnoxt'!> ( ,t, h< .I · 
arc shown in Figure 'l.:). In contrast to .Jicarn<~rc·a, at Forlalc•z;t whf'rf' IIH' rna~nctic 
I I. 1 1 · 1 al ·'0°\\' th«' eas•warcl zonal w1nd in lh<· t>Venin~ hours yields r cc rna ron ang <' ts a H £. • - • • 
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Fig. 4.4. Magnetic meridional component of the thermospheric neutral wind. 
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Fig. 4.5. Same as Figure 4.4 except for magnetic declination angle of 21 ow 
wh ich is pertinent to Fortaleza. 
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an apprc>ciahlc' southward compon<'nl in the magnetic meridional plane. Convers<'ly 
tiH• seaso11al wind is northward i11 the December sobt ice. As a resu lt , t.IH• total wind 
comporwnt in t hP magnetic nwrid ional plane for LhP 0Pcembcr sols! icc b<'comes small 
(dash-dotl<·d cun·e in Figure ·1..)). On the contrary. for the .June solstice, the total 
wind component in the magnetic meridional plan<' becomes very large (sol id curve). 
For the eq uinoxes, since the meridional wind is assumed to be zero on ly the zonal 
wind yields a magnetic meridional component (dashed curve). 
4.4. Results 
4.4.1. Most IL1t.~lttble magnetic fi eld line An examp le of the calculated growth rate 
and ion content are shown in Figure 4.6 as a function of equatorial crossing height for 
the case of 0 months/Jicamarca with the neutral wind. Right portion of the figure 
is the variation of total ion content integrated in the magnetic flux tube that has a 
cross sectional area of 1 cm2 at the equator for o+ ion, molecular ions, and a sum of 
them. Left portion of the figure is the vertical profiles of the growth rate given by 
( 4.34), which are maximum at the heights indicated by the dash-dotted lines. Dashed 
arrows are the E x B drift traces of some points on the field line. 
Strictly speaking, the altitudes of maximum contributions of th e E x Band grav-
itational terms do not COincide since li:j I ni 1 and g in (•1.34) take diffe rent height de-
pendence and both terms are different functions of those parameters. As a result, 
the altitude of the maximum growth rate (a sum of the E x B term and the gravita-
tional term) is 110t necessarily fixed in the refe rence frame moving with the ambient 
Ex B drift velocity. However , as s hown in the figure, the altitude of the maximum 
growth rat e> on ly differs by 10 krn in the reference frame of the drifting ionosphere 
during hou rs wlwn the maximum growth rat e> is high viz . .;::, 1 x 10- 3 sec- 1. This is 
a lso true forth <' othN cases. The disc ussion in this lh<'sis is rcstridcd to the lin ear 
I'I'C?;irn<', and rwrhaps until the dPplction grows to a ft•w percent out of thermal noise. 
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Fig. 4.6. Vertical profiles o f li~ear growth rates (left porlio.n) and tu~e inf 
tegrated ion contPnts (ri.,.hl portton) for the two local ltmes ~ a. functton o 
eq uatorial c rossing height of the fi eld line. The tube tntcgrated ton contents are 
I I · ( 'O+ o+ d :\+.denoted separately plotted fo r o+ I some of rno ecu a.r lOllS , , ' 2 ' ~n .. 2 '. 
as "m ol") ·111d their s um {denote as " tota l"). The dash-dotted line>:; wdtcat~ ~hP ~ltilude of, maximum growth mlc. The calculation. is r~1a.de under tltr• cond tlton 
of D monlhsf.Jicamarca including the thermosphc>nc wtnd effect. 
98 Chtlplt ,. {: Thcorelicfl.l C'tllr.ulttllon of ESF 
due to thl' instability for a bubbl(' with 5% dcpll'tion is less than I m/sec. In this 
regime it i~ asstJIIl<'<l that a pNt urbed region ;tlso drifts with the amhi<'nt E x B drift 
velocity. TIH'rdore, it is convenient to discuss the tirne evolution of the growth rate 
with respl'ct to the magnetic field line we may call "I he most unstable magnetic field 
line" which exhibits the maximum growth rate at most times. 
4.4.2. Rrsu/L.~ fo1· JicamarctL Plotted in Figure ·1.7 are the growth rates for the 
above determined most unstable magnetic field line for the case of D months/Jic-
amarca. The thin curve is the calculation without including the thermospheric wind 
effect and the thick curve is the one including the thermospheric wind effect. We must 
remember that the background ionosphere is assumed to be an equilibrium state in 
the derivation of ( 4.34). As a measure of the equilibrium, a quantity is defined by 
_ I: /(L;- P;)Ads 
{3 = _:_' ---=----2;:: j n,Ads 
I 
(4.38) 
where the notations are the same as those appeared before. When the photoionization 
is absent, ( 1.38) gives a mean loss coefficient. The mean loss coeffic ient is also plotted 
in Figure 4.7. L'ntil 1815LT f3 exceeds ~,. At around sunset, however, /3 decreases 
rapidly, and at 1900LT /3 is about one tenth of 1· After this time the assumption of 
equilibrium may well be satisfied. 
The time evolution of the maximum growth rate exhibits a. peak around 2000LT 
(no wind) and around 1930LT (with wind) with both maxima occurring before the 
ambient drift changes the direction from upward to downward. The growth rate after 
all go<'s down to small values at -2200LT (no wind) and at -2115LT (with wind). 
Such a general view of the t imc evolution of the growth rate is already W<'ll explained 
as follows. J'lu• <'V<'ning pre-rev<>rsal enhancement of the upward plasma drift raises 
the lap'r to a hi~h altitudt>, whkh not only r<'sults in fa\·orable condit10n::; for lhc 
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Fig. 4.7. Evolution of the linear growth rate and the mean loss codficicnt for 
the D monthsf.Jicamarca calcul.ation::;. Th~ alttlude fol.lows th~ m?~t unst":ble 
magnetic field line (see text) whtch moves wt~h Ex B dnft. veloctty. 1 he vNttcal 
arrow indicate::; the reversal time of the ambu~nl Ex B dnfl. 
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gravitation a I Hay leigh-Taylor instability but I he lrtrge eastward electric field itself 
causes theE xB drift instability. AflN the v<-rtical drift changes th<' sign (this is a 
usual pattern} theE x B term acts a.:; a stabilizing factor opposite to the gravitational 
term. 
Comparing the two curves for the growth rate in Figure 4.7, we notice an effect of 
the thermospheric wind clearly. The effect is most remarkable after 19•15LT when the 
growth rates start to decrease. l\ote the loss coefficient is small by this time. Owing 
to the wind, the peak growth rate is reduced from •l.i X 10-3 sec-l tO •I.Q X lQ-3 Sec- I 
and the duration of the positive growth rate is reduced by 1 h. 
The time evolution of 1 and /3 for the case of .J monthsj,licamarca is plotted in 
Figure 4.8. The growth rates exhibit a peak at 1 15LT and turn to small values at 
around l!>OOLT"'l915LT for cases both with or without the wind effecl. The curves 
of the growth rate shift to early hours and the growth rates themselves are weak as 
compared with the D months/Jicamarca results. All these features correspond to the 
characteristics of the E x B drift velocity model, i.e. , a weak pre-reversal enhancement 
of the upward drift velocity and an early reversal time in J months at J icamarca. 
The t hcrmospheric wind velocity in J months is almost same as that in D months 
except for the direction as shown in Figure 4.'1. evertheless, the wind effect in 
J months is quite small. This weak wind effect is explained as follows. The drift 
reversal time is so early that the large asymmetry in the ion distribution is not attained 
yet when the drift velocity changes sign. The small pre-reversal enhancement of the 
drift velocity docs not lift the layer to a high altitude and the gravitational term in 
the growth rate is small. Once the drift reverses, the Ex B term plays a stabilizing 
factor. In conjunction with the small gravitational term, the growth rate becomes 
negative soou aflt>r the reversal irrespective of the wind effect. 
Wt> now con1parc t.he r<'Sulls with the observations. There is, however, a problem 
for a quanti! ali\'<' discussion, Sln<'e tiH' instability rnod<'l is valid only when the back-
ground ionosph<>n' is in cqmlihrium. \\'hen lh<• ~rowth rate first exceeds l0-3 sec- 1 
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Fig. 4 . . Same a.:; Figure ·1. 7 except for the .J mont hsj.J icamarca calculations. 
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at around sunsf'l )1 is still"' L0-3 sec- 1. Wt' an' not allowed to subtract 3 from 1 to 
obtain an c>ff<'ctivP growth rate as in a local theory (IIANSON rt td., 1!)86), b<'cause 
the regtons of rapid recombination of the molt"Cular tons (at the same lime ther<' are 
production:; due to the charge exchange with o+) and large ion tlcnsily gradi<'nl do 
not n<'c<'Ssarily coincide. However, if we assumed -,- ~ gi,·es an effective growth rate 
as a very rude measure, 1- /J exceeds 10-a scc- 1 about 15 min later. Thus we choose 
1 2:: 10-3 sec- 1 to repres<'nt a duration of large growth rate, and this may not yield 
significant errors in the following discussion and conclusions. Because features of the 
time evolution of the growth rate vary with the seasons in a complex way the peak 
growth rate, r, and the duration, T, for 1 2:: 10-3 scc- 1 are summarized in Table 1.2 
for the three seasons with and without the wind effect. 
Observations of range type ESF by a boitomside ionosonde at Huancayo, 160 km 
east of .Jicamarca, reveal a seasonal dependence in the occurrence probability (RAS-
TOGI, 1!)80). There is marked winter/summer asymmetry, i.e., large occurrence prob-
ability in D months and small in J months. This asymmetry is reproduced quite well 
by the pr<'Sent calculations with or without the wind effect as summarized in the table. 
The winter/summer asymmetry of ESF occurrence may therefore be well accounted 
for by the change in the EX B drift velocity. However, close examination of ES r by 
RASTOGI (1980) shows that the maximum occurrence of ESF is not exactly in the 
Decemb<'r solstice but is slightly shifted toward equinoxes forming two peaks. Also 
gigahertz scintillations at Arequipa and ll uancayo, both in Peru, show equinoctial 
maxima in occun<'ncc ( DAsGUPTA rl at., 1 !)82). To r<'produce these two occurrence 
maxima with a model calculation, we need more dctaii<'d E x B drift model because 
the E x B drift v<>locily data usNl here arc an average over three months centered 
at the solstices and equinoxes. The observations that should be compared with the 
cu rrcnt calcu I at ions ar<' l herefore average occurrenc<' probability over t !tree months 
C<'ntNed at th<' Pquinox or at tlw solstice. The' p<>rC<'IItage occ:urr!'nccs avNagNI by 
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TABLE ·1.2. Summary for Jicamarca 
No Wind With Wind 
r T('Y ~ 10-3 s- 1) r T(J 2:: 10-3 s- 1 ) 
4.7 X 10-3 S-l 216 min 4.0 X 10-3 s- 1 145 min 
1.8 73 1.7 70 
3.5 110 3.5 llO 
TABLE 4.3. Summary for Fortaleza 
No \Vind With Wind 
r T('Y 2:: 10-3 s- 1) r T('Y 2:: 10-3 s-1 ) 
4.7 x 10-3 s-1 180 min 4.5 x 10-3 s- 1 160 min 
7.0 > 230 3.4 156 
3.5 174 3.5 159 
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sol:stin' n.rl' almost :;nrtH' valu<'. Turning to til<' summary in l'able ·1.2, we conclude th<' 
calculation uwludin~ the wind effect i:; clos<'f to tlw obsen·ations than the calculation 
without including th<' wind dfcct. 
{,f .. ). Res!tll.~ for Fortalc:tt As we saw in the results for Jicamarca, the thermo-
spheric wind:; and background electric fields are equally important for the occurrence 
of equatorial spread F. Especially in J months the wind significantly reduces the 
growth rate. Now we will apply the instability model to Fortaleza. At the longi-
tude of Fortaleza a component of the wind in the magnetic meridional plane becomes 
quite large in .] months owing to the large magnetic declination angle; the occurrence 
of spread F is anticipated to be much more affeded by the wind than the other 
longitudes and seasons. 
The calculated growth rates for J months/Fortaleza are shown in Figure 4.9. As 
mentioned already. the drift velocity is reliable only for the early evening; therefore the 
growth rates are not calculated for local t ime a fter 2230LT. The thin curve represents 
the calculation without including the wind effect. The long duration of positive growth 
rate and the large peak growth rate correspond to the lengthy and late pre-reversal 
enhancement of the E x B drift velocity model. The thick curve is for the results 
including the wind effect. As expected from the large wind velocity in Figure •1.5, the 
growth rate is significantly reduced. Over all trend of the wind effect is simil ar to 
that in the D monthsf.J icamarca case. 
The results for D months/Fortaleza arC' shown m Figure 'LI 0. In contrast to 
.J months the reduction of the growth rate due to the wind effect is quite small 111 
accord with a small wind component in the magnetic meridian. 
Tabll' 1. :1 s um marizes the results for Fortaleza, wh ich are compared wit h obscr-
ntlions below. The range lypC' sprl"ad Fat Fortaleza as obs<'rYed by the bottomside 
ionosond<> also shows seasonal varia! ions. PNcenlag<' occurrences of range spread F in 
D months and E months ;tl around <'vening hours ar<' ~907<, while that in .J months 
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Fig. ~1.9 . Same as Figu re 4.7 except for the .J months/F'orlale:-.a calculations. 
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Fig. ·1.10. Same as Figu re 4.7 except for the D months/Forta.leza calculations. 
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is only 50% (.\BOll r.lttl., (!). 1). Thl'sl' seasonal variations an• oppositt• to tiH• caku-
laJion without inc ludirw; the wind effect as shown in Table 1.:1. Thus the ba('k~round 
elect ric fields that chan~;e with St•a.son do not <'X plain t ht> observations at Fort alcza 
wiH'n the wind effect is a.bsenl. When the wind pff<>ct is indudrd. t.l~t• 1wak growth rate 
for.) months 1s rednc<'<l by half but that for D months remains almost unchangPd. As 
a result, Lh<' peak growth rate forD months f'XCeeds that for .J months. The duration 
T in .J months is also reduced so much that Ts for the thrl'e seasons arc nearly equal 
value. Accordingly the seasonal trend of the growth rate b<'comes in agreemC'Ilt with 
the observations at least qualitatively. 
We have seen above that the thermospheric wind effect is a quite important 
factor for controlling the occurrence of ESF especially at Fortaleza. For a quantitative 
discussion, however, we need more information about the electric fl<>lds because the 
Ex B drift velocity ust'd here is obtained by an indirect way and onl} for the time 
near the pre-reversal enhancement after sunset. Also we ne<.>d sufficient obsNvations 
about thermospheric winds. or course a larger neutral wind yields a larger effect and 
the growth rate in J months may be reduced much more when a large wind velocity is 
applied. At any rate, seasonal changes in the range spread l observations at Fortaleza 
(A BDU et a/., 1981) ar<.> never explained without taking account of the thermospheric 
wind effect. 
4-1.1. Transcquaional wmd c/Jecl The suppression of the growth rate due to thf' 
transequatorial wind is investigated in more detail based on the resu lts of the first 
set of runs, D mont hsf.J icamarca. Thf' above wind effect is due to the change rn 
lhe ion distribution a long ! hr. magnetic ricld line. We examine how the ('h;~ng<' rn 
ion distribution affects the otlwr paraml'tcrs for tlw magnPtic field line that c•xhibits 
maximum gmwth ralt•. Figure •l.ll shows the ion density and c>ach lPrlll tha.l itppcars 
in (•1.:1•1) as a function of distance from the t>quator along thc· rnagrwllc field lrru•. Tht> 
lo<'al tim<' is 1!):3QLT, whC'n the upward E x B drift velo('ity is maxirruun. Tlu• lc~rms 
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Fig. 4.11. Magnetic fie ld al igned distribution of various parameters as a fun_c-
lion of distance from the equator forD months/Jicamarca runs. Each panelrs, 
from top to bot tom. ion density. the E x B term, the gravitational term, and the 
n/" term for the two cases with (right) and without (left) the wind effect. The 
C'quatorial crossing a ltitude' of the magnetic field line is about 3•10 km where t he 
~rowlh. rate is maximum. The local lime is 1930 when lhc E x B drift velocity 
IS maxmlll rn. 
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are dcfinpd by u:;ing lh<' same notation in (·L3l)as follows: Pigur<'s 4.11a,a' at<' ion 
d<'nsity, 111Qll for o+ ion and L,1=':! 111Qi\ for moJcwlar ions. rigures 1.11 b, b' an• the 
Ex B term, 
t'p 1 I iJ 
---:-((niO)A 
7'o ~ 11:1 ( iJp 
4 Up~ 1 } iJ 
- L --:-((n,o)A 
ro . ~~~:, ( iJp 
•=2 
Figures 4.11c, c' are the gra\'ilational term. 
1 g cos I 1 {) {( )A 
-- 111Q 
ro sin 3001 ( {)p 
for o+ ion 
for molecular ions 
foro+ ion 
for molecular ions 
and Figures 4.lld, d' arc n/"' that is directly related with the Pedersen conductivity, 
foro+ ion for molecular ions 
The left four panels in figure 4.11 are for the calculation without including 
the wind. The ion density and other terms arc quite symmetric with respect to 
the equator. A contribution from the molecular ions {dash-dotted curve) is most 
apparent in the njK. term (Figure 4.lld), while it is small in the gravitational term 
(Figure ·l.llc). This implies that the molecular ion dormnatcd r<'gion acts as a load 
on the perturbed electric fields due to l11P gravitational Rayleigh Taylor instability 
ncar the equator. 
The right four panels in FigurP 4.11 arc the calculation including thl" wind. The 
ion distribution (Figure l.lla') shifts toward north by ·100 km owing lo the n01 lh-
ward wind. The shapes of lhe dl::.lribuliOil of o+ and rnoleculat Ions, however, arc 
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not (·hant;t'<l wry much While. for the rnoiPctdar ions in the E x B !Prm (Ftgure 
I. L lb') and n/11· ( Figun' l.llc/') the curv<'s are larg<>ly Jefonncd in add ition to the 
northward shift. Especially not<' that t lw 11/"' tt"nn of the molecular ions tn the 
nort ht-rn hemi:;plwre is quite large while that in th<' southern hemisphere is ncgli-
gible. l'hese art" well explained by the change in altitude because l/,..,(= v,nfD,) 
incrt"<l.:>t"S exponentially with lowering altitude. Anotlwr feature to be noted is lltC' o+ 
ion curve for the Ex B term (Figure .t.llb') that shifts further to the north than the 
corresponding ion distribution function (Figure 4.lla'). Furthermore, the maximum 
value is more than 30% larger than the calculation without the wind (Figure 'l.llb). 
This is also a result of th<' change in altitude. As a net effect of the wind, the increase 
of nj"' (molecular ions) cancels the increase of the Ex B term (O+ ions). Thus the 
growth rate docs not change very much at all as we have seen in Figure 4.7, even 
though the thermospheric wind changes the field aligned distribution of ions. 
Figure •1.12 is the same as Figure 4.11 except that the local time is 2030LT 
when the E x B drift velocity is zero (the E x B term vanishes) and the layer is 
highest. The left four panels without including the wind again indicate a symmetric 
distribution with respect to the equator. In the right four panels including the wind, 
distribution functions arc shifted further toward north as compared with those for 
1930LT. The contribution of the molecular ions in then/"- term is significanlly large. 
fn the gravitational term, however, the cont ribution from the molecular ion is so small 
to be neglected. As a net effect, I he growth rate is reduced to about one third of that 
obtained by the calculation without including the wind as shown in Figure 4.7. 
4.5. C ondndiug r emarks 
To study the seasonal-longitudinal effect of ESF numerically, we have developed 
a diagnostic model and applied it to various cases in which the ionospheric paramt"ters 
are> cle>tl'fmin«'d by soh ing a contuwity erpmtion under variable conditions induding 
anshi<•nt e>led ri(· fiPlrls and transequatorial thermosphNic winds. T he instability model 
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Fig. 4.12. Same as Figure ·1.11 except that the local tim<' is 20:Jo LT whPn ll~e 
E x B drift veloc ity is zero and the equatorial crossing altitude of the magnetrc 
field line is about 390 km. 
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contains dfPcts of 1 he } re!;ion plasma away from tiH' t•qualorial plan<' and theE x B 
drift pffe('t. 
Th<• t rans<•qualorial wind and the Ex B drift an• equally important for coni rol-
ling the gerwrat ion of equatorial spread F . . \ lart;c wind velocity stgnificantly reduces 
the instability growth rate, even if a large upward Ex B drift velocity is applied. The 
wind effect is more prominent when the reversal time of the Ex B drift. is late. The 
winter/summer asymmetry of I he occurrence probability at Jicamarca and other sta-
tions close to it can be explained in terms of the seasonal change in Ex B drift velocity 
irrespective of the wind effect. A morphology over all seasons indicates much better 
agreement with the calculations including the wind effect. Without taking account 
of the wind effect. the winter/summer asymmetry of the occurrence of equatorial 
spread F at Fortaleza is not explained by the Ex B drift effect. An instability model 
incorporating both Ex B drift and wind effects can explain the observed seasonal 
trend. 
The current results of the wind effect are a key point to understand a world-
wide morphology of equatorial spread F. Since the transequatorial component of the 
thermospheric wind in the magnetic meridional plane is determined by the magnetic 
declination angle at every longitude, the magnetic declination e ffect of ES F or a 
seasonal-longitudinal effect of ESF may be well explained by the wind effect investi-
gated here. However. a possible longitudinal change in the Ex B drift pattern could 
b<' equalty important and is not known at this time. 
Chapter 5: Irregularities at ofT- Equatorial Latitudes 
5.1. Introduction 
The discussion in this chapter is related with two more features of t>qualorial 
spread F; one is the latitudinal extent of the ESF reg10n, and the oth<'r is tlw density 
e nhancements o r plasma blobs observed at the satellit<' heights associated with topside 
spread F near the equator. As we have sPen in Chapter 2, the occurrence probability 
and strength of the equatorial spread F are maximum at the magnetic equator and 
decrease with latitudes. Although the midlatitude ionosphere is relatively quiescent 
compared with the othe r latitudes, it still contains irregular structu rc, which may 
be morphologically distinguished from that of ESF. The transition rl"gions from the 
spread F active equatorial region to the quiescent mid latitudes. or rim regions of ESF 
zone, are not discussed very much until now, where some properties may bl! concerned 
with ESF and others may be concerned with midlatitude spread F. Studying the tran-
sition region, in turn, is a help for the understanding of the midlatitude irregularities; 
our knowledge of the midla.titude irregularities is quite poor compared with that of 
equatorial latitudes. Full discussion of rnidla.titude irregularities, however, is beyond 
of this thesis. 
In the next section, as a preliminary discussion, we briefly review the latitudinal 
extent of the equatorial spread F. Section 5.3 describes an instability model and nu-
merical calculations that yields the linear growth rate for the Rayleigh-Taylor and the 
Ex B drift in stabilities involving pl<l.':>ma in the entire rnagnctic flux tube, based on 
the result of Chapter ·1. The ion distribution along the field line is obtained by solving 
the ion continuity <'quations foro+ and fl+ ions. O<:>::;cription of the iono::;phcric mod-
c ling follows. B<'forc prcsenting th<' results of growth rate, the response of tlw F layer 
to the eastward <'kcl ric field is Pxamined and the limit of the equ ilibrium assumption 
is tested. Finally, in section 5. 1, the results of the growth rate are> <:ompar<'d with 
obse>rvations. 
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5.2. Latitudinal extent of ESF 
Durin~ nightt1me in tlw <>quatorial F region, an irregular structure lirsl app<'ars 
at the bot t omsid<• wher<' the ionosphere is unst a hie, I hen plasma-depleted region 
pt"netral<'s 1nlo th<> topside ionosphere by buoyancy force due to a nonlinear Rayleigh-
Taylor process (Wooo~tAN and L,\lfoz, 1976; OssAKOW, 1981). The upward drift 
of the plasma-depleted region or plasma bubble ceases near the altitude where the 
ambient electron density is equal to that inside the bubble. This determines the 
maximum altitude of plasma bubbles and the latitudinal extent of equatorial spread F. 
This explanation of the latitude extension of ESF, however, is too primitive to apply 
real problems. In general. it is not easy to determine whether observed irregularities 
at subtropical latitudes originate from a plasma bubble or are locally generated at 
those latitudes. 
From observations of medium frequency ducts by means of topside sounder, M UL-
DREW (1980a) has suggested that, on a statistical basis, irregularities causing dueled 
echoes at altitudes corresponding to L ~ 1.2 are not due to a rising plasma bubble. 
There are other observations of irregularities which cannot be explained by the rising 
plasma bubble. One example of them is a topside plasma blob or electron density 
enhancement at the satellite heights as shown in Figure 3.la, which is reproduced 
as Figure 5.1. In the figure open circles indicate spread echoes at zero range of the 
ionogram, which means that the satellite is immersed in a severe topside irregularity 
region (OYSO:-i and BENSON, 1978). On orbit 4416, density enhancement is observed 
at "' 15° magnetic latitude accompanied with severe irregularities. A comprehensive 
data set of density enhan('('rnents was also present<'<] by \VATANAOE and OvA (1986). 
All the topside plasma enhancements are observed at subtropical latitudes and none 
can be explained by the traveling of plasma bubbles. Thus it is natural to assume 
that they arc genNatcd at the latitudes where they are observed. 
Turning to th<'or<'tical works, plasma instability at equatorial latitud<'s has been 
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Fig. 5.1. Plasma. depletion and enhancement in th<' topside ionosphcre. Elec-
tron density at the satellite height ("' 1000 km) is observ<'<l by the> topside 
ionosonde onboard ISS-b. Plasma depletions ar<' seen in orbits 1362. 1116. and 
4469, and plasma enhancements in orbit 4416. Both plasma depletions and en-
hancements arc accompanied with intense backscatt<'r <'rhoes from th<' irr<'guiM-
ities surrounding the satellite as indicated by open circb. Shaded bars indicate 
regions in which spread F is observed. 
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In at wo-dirnen~ional approximation in the equatorial plant', the ionosph~·rc is u nsf a hie 
against the gravitational force (the Rayleigh-Taylor instability) and eastward <+ctric 
fields (the Ex B instability) in tlw bottomside. The two-dimensional approximation 
for the equatorial geometry is b11sl'd on the fad that the magnetic field lines in the 
F region are assumed to be equipotentials and ionospheric parameters do not signif-
icantly change along lh<' field line. Thus the two-dimensional model is correct only 
in the bottomside at the equator. Considering the contributton from plasma laying 
off the equatorial plane, liAERENDEL (1973} showed that the ionosphere is unsta-
ble just above the F layer peak as well as in the boltomside in the gravitational 
Rayleigh-Taylor mode. The growth rate is calculated in terms of vertical gradient of 
the flux-tube-integrated ion content: the unstable region extends up to the altitude 
where the total ion content in the flux tube is maximum. This maximum altitude cor-
responds approximately to the field line that penetrates the equatorial anomaly crests 
at 10 to 15° N and S in magnetic latitude. Thus Haerendel's result indicates that the 
ionosphere is stable for the gravitational Rayleigh-Taylor mode at midlatitudes higher 
than the equatorial anomaly crests. 
When ambient electric fields exist, it is inaccurate to consider instability in terms 
of flux-tube-integrated ion content (S.T. Zalesak, private communication, 1988}. This 
is crucial for field lines which cross the equator at high altitudes, because the ion-
neutral collision frequency changes widely along the field lin e. In Chapter 4, we have 
deriv<>d a linear instability model for equatorial spread F considering plasma in the 
entir<' magnetic flux tube when ambient elect ric fields exist. This model accumulates 
the contribution of the ion density gradient at each point along the field line instead 
of dealing with the gradient of the flux-tube-integrated ion content. The model can 
be extended to a problem in the off-equatorial to midlatitude ionosphere. 
This Chaptl'r applies the ahove model to theor<'tical investigation of latitudinal 
l'XlPnl of ES F, plilSma!;phet ic ducts, subtropical pia:; rna blobs in the topside iono-
spherl', and midlatitudf' sprl"'ad F. However, care must be tak<'n in applying th<' model 
ChtLJIIrr /j: !TTrg!Lianltr.! ttl ofJ-DiflltLlonrtl Lt~liiJLdt :1 117 
to thl"' midlat1tude magnetic fil'ld configuration. In derivin~ tht> lirH'ar t~;rowth ralt' 
rcprl'senl<'d by Equation ( 1.~·1) or (5.1) Wf' assumNllhat tlw rl'distribution of plasma 
along I he> ma~nct ic field line is negligiblt' when the layt>r is uplifted by the Past ward 
ambi!'frl ~~.nd polariz;~tion elect ric fields. This may be a. good approximation for t hi' 
equatorial bot toms1d!' ionosphere. since the magn~t ic fit>ld lines arl' almost horizon-
tal everywhere. Whil<', in th<' rnidlatitudcs. prompt downward redistribution of the 
plasma occurs parallel to the field line when east ward electric fields uplift the layer 
in the direction perpendicular to the magnetic field line. As a result, the net uplift of 
the layer is smaller than that deduced from the Ex B drift velocity ~ evertheless. in 
studying instability, the background ionospheric density distribution can be assumed 
to be in a quasi-equilibrium state in a frame moving at the E x B drift vl'!ocity if 
the density perturbation grows to a sufficient amplitude within the time const1l.nt of 
the plasma redistribution. Therefore the time constant of the redistnbution becomes 
essentially important. 
The above-mentioned assumption of the qurusi-equilibrium condition is quite con-
trast to that made by PERKINS (1973} on midlatilude instability. Pcrkins has shown 
that the nighttime F region supported by eastward electric field:. 1s unstable when 
a north-south electric field component exists in addition to the supporting <'astward 
field. To dcri\·e an instability growth rate, he assumed that the ionosphere 1s at the 
equi librium height, i.e., the redistribution of plasma along the magnetic field line 
compensates the upward Ex B drifts. [n the actual ionosphere. howf!ver. thP-rc arc 
many nights during which th<' height cl1angcs ofl<'n. 
5.3. Plasm a instahili ty 
5.J.I. Ttco-lt~yer· motltl This section first exarnrnes a simple two-layer sysll'nt as 
an instability model at off-equatorial l<tlitudes. 
Cl'omt'lry of thf' model is illustratt>d rn Figure 0.2. La)'l'fS T and 13, both J>Npcn-
dicular to tl11• magnrtic rield line, reprcsf'nt the topside and bottomsidr. rt>Sf>r'divPiy. 
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Topside F Layer Peak 
-·-·-·-·- ·- ·- ·- ·- ·-·-·- · 
Bottom side 
Fig. 5.2. Two-layer system for midlatitu.dc plasma in~tability. T~o layer~ are 
electrically connected to each other with h1ghly conduct1ve magnet1c field lines. 
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The two layers arc electrically conn<'cted by magnt>! ic fj,,Jd lines with high par all<-I 
conductivity, but an internow of pla:;ma between the layer::. is not allowed. The mag-
n<-ti<· field line is assumed to b<' parall1•l and I is the magnetic dip angle. Gnit vectors 
arc defined as follows: x is perpendicular to the magnetic fiC' ld line and points east 
ward, y is perpendicular to the magnetic field line and points northward, and .s is 
antiparallcl to the magnetic field vector. 
\\'c hM·e already derived the linear growth rate of the instability for the multilayer 
model represented by (5.1), which is identical to (4.31), in Chapter 4. 
Vp ~~-1-~_£_((niO)Ads ~~ ~cos! l_£_((n;o)Ads ~ 6.K; ( Op ~ Sin 380; ( Op 
I= I + .....:....' -----------~j no J no ro LJ - '-Ads ro ~ -'-Ads 
. 6.K; LJ ~1\: 1 
I I 
(4.34),(5.1) 
where the all notations arc same as those in Chapter 4. In the two-layer model the 
parameters, 6.,(,0;, A, and cos!, in (5.1) are constant, and the integral along the 
field lin e is replaced by the summation for the two layers. Thus (5.1) is simplified as 
follows: 
(5.2) 
where the subscript I denotes layers T and B, V.L is the local E x B drift velocity, and 
we have used the relation , 
To intNprct (5 .2) a p;tra.bolic F htyl'f consisting of o+ lOllS is considered. Layer 
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T is taken at lih above the F layer peak and layer 8 at oh below the F layN peak, 
wlwrf' Oh is equal to On<' scale height of the n<'Utral atmosphere, which is assumed to 
be 50 km. Th<' following parameters are also assumed: 
los -3 n,o,T = niO,B = em 
_1_8n,o.B = __ 1_8nio.r = ..!_ = (lOkm)_ 1 
niO,D 8y nio,T 8y L 
at the F layer peak 
hmF2 = 350km 
V.L = 30 m/s 
gr = 868 cm/s2 
9D = 894 cm/s2 
The above magnetic dip angle corresponds to the field line that crosses the equator 
at 1600 km above the earth's surface, and the F layer peak a.t 23.5°magnetic latitude. 
The E x B drift velocity corresponds to an electric field of about 1 m V / m. Each term 
of the right-band side of {5.2) is evaluated. The E x B drift term is 
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ThP gravitational term IS 
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(-,qr+!JJJ)cosf (-86~+8!)4) xO.S.'tl 
= -;-:---:-':-;---:-:----:-...:....-__;_ ___ = 2 6 X lQ - G SN'- I 
L(von r + V,n ,B) 10 X 105 ('2 .. )/'2./2 + '2 .:) X '2.1'2) 
Thi::; instability estimation shows that the ExB mode still plays an important rolt> 
in the instability even at off-equatorial latitudes, but that t hP gra\ it a.tional modi' 
docs not. As expected from the dirPction of the density gradient, pla~ma in the 
topside stabilizes the system both for the gra,·itational mode and theE x B mode with 
eastward electric fields, while plasma in the bottomside destabilizes it. Contributions 
for the gra,·itational term from the topside and bottomsidc are almost the same 
magnitude, with opposite signs, because the acceleration of gravity changes little 
with altitude within the F layer thickness. On the other hand, in theE x B term, the 
contribution from plasma in the botlomside is much larger than that 1n the topsidt> 
because the ion-neutral collision frequency decreases according to the scale height of 
the neutral density, which is comparable to the F layer thickness. 
As shown above, theE x B instability may operate in the midlatitud<' ionosphere 
even though there are conflicting effects from the stable topside and the unstable 
bottomside ionosphere on the same field line. In the actual ionosphere, however, the 
net effect on instability is more complicated as the integration path is longer in the 
topside than that in the bottornside, while density gradient il> larger on the bottomside 
than on the topside. In the following subsections, more careful calculations are made 
using a continuou::. model described by (5.1) which employs a realil>tic magnetic field 
geometry and ion density distribution along the field line. 
.5.3.2. Ionospheric modeling The unperturbed state of ion density distribution for 
the calcu lations of the intPgrals in (5.1) is obtained by a modeling approach, which 
is basically same as that us<'d in ChapiN t except for the ion spc>cics and mino1 
modifications pNtinent to the midlatitudc ionosphNe. The same approach is usC'd 
to Pxa.mine the transient response of the background ionosphere to stron~ eastward 
electric: fic>lds and the quasi-N(Hilibriurn condition of I he F layN at mid latitudes. 'J'hP 
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ion species arc assum<.>d to be o+ and H.+ b<'cause a part of the magnetic fields in the 
mid !at it ud <' ionosph<>rc p<'netrah's into the protonosphNc and molecular ions are less 
important. The ion continuity NJuations in a reference frame moving at ExB drift 
velocity ve ... u are (BAILEY, 19'3) 
dn, L 1 8(An,u11;) t"' dt = P;- '-A {)s -n, '.L'VExB (5.3) 
where the ion production rate P, includes photoionization and charge exchange with 
the other species, and the ion loss rate L; includes charge exchange and recombination. 
Other notations are the same as those appearing in Chapter 4. The photoionization 
rates for o+ and H + at the top of the ionosphere arc PI = 3. 75 X 10-7 s-l and 
p2 = 0, respectively. Sunspot medium conditions arc assumed for solar activity. 
Other chemical reactions pertinent to the above productions and losses are as follows: 
o+ + N2 --+ NO++ N k, = 7.0 x 10- 13 cm3 sec- 1 
o+ + o2 o2+ + o k2 = 2.0 x 10- 11 {300/T)05 cm3 sec- 1 
o+ + u o + n+ k3 = 2.5 x 1Q-llT0·5 cm3 sec- 1 
u + + o H + o+ k" = 2.3 x l0- 11 r<>·5 cm3 sec- 1 
The recombination rates fo r NO+ and 0 2 + are sufficiently large. lon and electron 
temperatures are assumed to be the same as the neutral temperature (T = T. = Te = 
'I~). The neutral temperature, Tn, and the density of neutral species, n(O), n(~2), 
11(02), n( ll ), and n( ll c), arc calcul<\ted from the empirical thermosphcric model based 
on the mass spectrometer and incoherent scatter data (~IS lS83) ( IJ ED IN, 1983) with 
F10; = 120, Ap = 15, and clay count of 81. 
The fiPid-alignN1 ion velocity v11 i containing a. diffusion effect is determined from 
th<' rnom<'nlutll <'qUa.tion, 
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_,sin r _ l.·u'T on, _ l.·uT 011,. _ '2k 8 oT _ . . _ . . _ 
] !l !l !l Van 1 (i• //'J(al,-l liJ)-0 m, n, us Tl/ 1 11-. u:> m, u:1 (:>A) 
where ku is Boll7.mann's constant, v,n is the collision freqtl<'ncy b<.>tw<'cn i th ion and 
neutral species, and v,1 is the collision frequency bet ween i-t h and j-t h ion spec it's. 
The r<>sult of STUBIJE (Hl68) is adopted for the ion-neutral collision fr<'qucncy. To 
simplify the discussion. no neutral wind is assumed and the magnetu· equator is 
assumed to coincide with the geographical equator. 
The equation set (5.3) and (5.-!) for o+ and If+ is soh·cd by an implicit finite 
difference method using mathematical techniques described by BAILEY d a/. (l!Ji9) 
and BAILEY (1983) except that the ion and electron temperatures are assumed to be 
equal to those of neutral species given by the ~ISIS model. To calculate the ion density 
gradient perpendicular to the magnetic field line, the same equation set is solved fot 
magnetic field lines separated by 25km of altitude at the equator. Initial states of thf' 
concentration are determined by a combination of the chemical equilibrium at low 
altitudes and diffusive equilibrium at high altitudes. Integration is started at 0700LT 
and continued until the required local time of the following day. The integration time 
may not be sufficient for JI + ion. However , this matters little because the integrals 
in (5.1) mainly depend on the o+ ion dominated region at low altitudes where the 
density gradient and the ion-neutral collision frequency are relatively large. 
81ectric field models arc gi\•en in Figure 5.3 as a form of E x B drift velocity 
at the equator. The following assumptions arc made for the electric field: Vertical 
E x B drift velocity does not depend on altitude; i\lld vertical l' lcctric fif'lds or zonal 
Ex B drifts arc 7.Pro. These assumptions for the vertical and zonal drift models am 
not self-consistent (MURPHY and IlEr.J, IS, 1986), but which does not mattPr for tlw 
current purpose. The vertical Ex B drift velocity consists of a basic diurnal pattNn 
shown by the solid line and enhancements during <'V<'ning hours shown by the dashed 
line (sl<'p function) or the dash-dotted lin l' (Gaussian function) . The calc-ulation for 
the first day is m~tdP with the solid linl'. The stf'p-function-likP Pnhancenll'nl of the 
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Fig. 5.3. Vertical E x B drift velocity models with two types of evening drift 
en han cement. The dashed line indicates step-like enhancement for study of the 
response of the F layer to int.en::;e east\~ard elect.ric fiel.ds .. The Gaussi3:n-like 
(synthesized with two a.ppropnate Gausstan funcltons~ lme ts for calculatiOn of 
the instability. i\Iaximum drift velocities are 40 m/sec 1n both cases. 
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Ex B drift is usNJ to rxaminr the rr:spons<' of th<> ionospht•n• to strong ea:stward 
electric fields. The arnplitud~ of the stl'p-lik~ Pnhanccment shown in the fi~un• is 
10 rn/sec, but examination is made for a variety of the amplitude of <'llhann•nwnt. 
ThP Gau:s:sian-typP enhancement is more reali:st ie and u:-;Pd to exarnint• t ht• instability . 
. ;.J.J. Quasi-e1Juifi6rium canditzon The basic assumption made in the deri\·at ion of 
the linear growth rate of the instability. a quasi-equilibrium condition in the drifting 
frame, is not ob\ ious except ncar the magnetic equator. \\'hen zonal electric fields 
exist at midlatitudes, ionospheric equilibrium is complicated. TA;>;AKA and ITJRAO 
(U:l73) studied effects of an eastward electric field, on electromagnetic dynamics, ion 
chemistries and induced neutral winds. The response of the layer height to the step-
like increase in the eastward electric field strength is as follows. First, the layer 
height continues to increase due to theE x B drift. However, the upward drift of the 
layer ceases and the layer reaches its highest level 30,....,60min after the change of the 
electric field strength. Around this time, plasma is appreciably redistributed along 
the magnetic field. Then the layer begins to descend slowly. By this time a poleward 
neutral wind is induced by ion-neutral collision. The neutral wind velocity, however, 
is not sufficient to cancel the height increase due to theE x B motion. 
The above calculation was made with the solar zenith angle of 45° and the dip 
angle of 60°. Because our interest is in the nighttime subtropical to mid latitude iono-
sphere, s imilar calculations assuming nighttime and somewhat low latitude conditions 
arc made. The neutral wind set up by the ion Ex B drift motion is neglected sinc:e 
the time constant is longer than that for the redistribution of the plasma along the 
ma~netic field line. 
Field-aligned ion distribution is obtained by solving the continuity I'CJUation (5.:J) 
in conjunction with a stepwise increase in the Ex B drift veloCJty indicated by the 
dashed lin <' in Figure 5.:3. Cetlcu lation is made for the field line that crosses the equator 
at LGOO km, :w min after the d11ft increased. Tlw h('i~ht of the layer pPak. ltm/·2. is 
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approximatt•d by a peak in the field-aligned distribution of l"ledron den:stty. At the 
la)'l"r pl"ak wlwn L = :w min. magnetic Ialit ude is 2:3.0°. dip anglt' is ·ll 0 , and Ex B 
drift vr>locity t'.L is 255m/sec. Time evolution of the layer peak, hmF2, after the 
electric field is increased is shown in Figure 5.4. The dashed line indicates the change 
in Inn 1·2 dt•duced from the Ex B drift velocity without any redistribution. From 0 
to ,...., 15min the layer height increases in response to the Ex B drift velocity, and 
the assumption of quasi-equilibrium condition in the drifting frame is suitable. After 
"' 30min, however, apparent drift of the layer slows. This is due to the increase in 
downward ion drift along the field line at high altitudes, where the diffusion constant 
is large. 
The characteristic lime in which appreciable downward drift is set up is consistent 
with the observations at Arecibo (BEH~KE et al., 1985); they observed that, during 
the rise of the F layer, variations in ion velocity parallel to the magnetic field line 
lag by "'16 min the corresponding \·ariations in ion velocity perpendicular to the field 
line due to the Ex B motion. 
The change in hmF2 is shown m Figure 5.5 when the amplitude of the step-
like increase in the electric field is changed. The figure shows that the layer height 
responds linearly to the applied electric field until"' 30 min. This fact is important for 
amplification of the density perturbations since the polarization electric field arising 
from the instability process effectively modulates the layer height and the Pedersen 
conductivity. Within these limes the instability process is still effective. 
5.:J.,J. Growth rail's of the instability 
Instability growth rates as expressed by (5.1) are calcu lated incorporating the 
Gaussian type enhancement of the external electric field indicated by the dash-dolled 
line in Pigtu·<' 5 :}. The\ growth rate is maximum at l!)OOLT according to the peak of the 
enhanred Pled ric field. The r<'sult is shown in Fi~ure :>.6 for l!>OOLT. In Pigur<' 5.6a 
t lte E x B lt•rm (the first t errn on the right-hand sid<' of ( 5. L)), lhc gravitational term 
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Pig. 5.4. Response of the F layer peak height to the step-like change in tlte 
E x B drift V<'locity given by the dashed line in Figure 5.3. Th<' equatorial cross-
ing altitude of the field line is 1600 km, 30 min after the change of the electric 
field. At the F layer peak, magnetic latitude is about 23.5°, dip angle is about 
41 o, and u.l =25.5 m/scc. 
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Fig. 5.5. Increases in the F layer peak height 10, 20. 30, and 60 min after 
the step-like enhancement of Ex B drift velocity when the amplitude of the 
enhancemC'nt varies to 120 m/scc. 
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Fig. 5.6. Cakula.ted gro\~·th rat.<' (a) and flux tub.c elec~ron ~ontcnt (b) as a 
function of equatonal crosswg alt1tude of the field lwe. Lmes 1n panel (a) are 
the gravitational term (dash-dotted curve), the E x B term (dashed c:urvP), and 
their sum (solid curve). Negative values are indicated by light curve~. In pa~cl 
(b), Nmax indicates the altitud<• of the maximum tube electron content wlu~h 
nearly cor responds to the field line penetrates through the crests of equatonal 
anomaly. 
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(tlw :;C'cond tPrnl on tlw ri~ht-hand side of (5.1)), and their sum <H<' plotted. Figure 
5.tib shows tlw total •'lcdron content. N, in the ma~nctic flux tub<' having unit cro:;s 
sect ion a! arPa at 1 hC' equator .. \t all it udes up to ·130 km I he magnetic fidd lines are 
in the bottorn:;idt' at c\·cry latitude and X increases rapidly with alt1tudes. ,\ bump 
in .V appearing near 1000 km corresponds to the crr-sls of the equatorial anomaly of 
f
0
F2 at around 15° magnetic latitude. The altitude of the maximum of X, hmN, 
nearly coincide:; with that of the bump of the equatorial anomaly. At altitudes above 
tOOO km, N decreases monotonically according to the general latitudinal decrease of 
foFz · 
Tn Figure 5.6a the gravitational term is positive below "' 750 km and negative 
above "' 1000 km. This result is consistent with Haerendel's theory (IJAERENDEL, 
1973) in which the ionosphere is unstable below hmN and stable above it since the 
instability is determined by the gradient of N. A somewhat complex variation at 
750 ....._ 1000 km i:; due to the existence of the equatorial anomaly, which complicates 
the altitude distribution of the parameters. Development of the equatorial anomaly 
depends not only on the strength of the evening enhancement of the field but also on 
the strength of eastward electric fields during daytime when the ion production rates 
are large. 
ln contrast to the gravitational term, the Ex B term is positive at all altitudes, 
therefore all latitudes, as shown by the dashed line in the figure. As a. result, the total 
growth rate given by the sum of the two terms is positive except around 1100 km 
where t IH' gravitational term has a large negative value. The large total growth rate 
at lower half of the figure, which increases toward the bottomsidc ncar the equator, 
apparently corr<>sponds to equatorial plasma bubbles (OsSAJ<OW, 1!)81). The growth 
rate below 100 km, however, is unrealistic because the current model docs not include 
moh-cular ion:;. Th<' po:;it ivc growth rate at upper half prcsu mably corr<'Sponds to 
rnidlallludt> spr!'ad F. The growth rate in the upper part or at midlatitudes is about 
on£' t••nt h of that for plasma bubbles. Thi:; accounts for the fad that <'Xl rc>mely large 
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scintillations or intense rangP-Iyp<' spread F, which frc>quently appPar at •'quatorial 
latitudes, arc> rare Pvc>nl:; at midlatitudes (OGAW.\ and 1\t ' :'\1 ,\G ,\1 , 1:} :): T ,\:\ \1\ ,\, 
19 6). 
Physical meaning of the nf'galive value of the gravitational term at high all itu1lcs, 
where vertical gradient of tube content is negative, is ob,·ious from llaNI'ndd's t lwory 
( IIAERE:-IDEI., 1073). For theE x B term, however. there may need more I'Xamination . 
The variation of each term appearing in the integrands in (5.1) arc shown in Figu rP 
5.7 {middle and right panels) along with the ion density (left panel). Shown to the 
left is the distance from the equator along the magnetic field line. Height above the 
earth is shown on the right-hand side of the figure. Shown in the figure is a part 
for an altitude range less than about 1000 km and for the northern hemisphere since 
the contribution from high altitudes is small enough to be neglected and the model 
is symmetrical about the equator. The terms are defined using the same notation in 
{5.1) as follow:;: figure 5.7a is ion density. 2:, n;0 A; Figure 5.76 is 2:,(n,0/~~<,)A 
which is directly related to the Pedersen conducti,·ity; Figure 5.7 c is theE x B term 
{solid line), 
vp L 1 1 a 
- ---((n,o)A 
ro tll\.; ( 8p 
I 
and the gravitational term {dash-dotted line), 
1 2:: g cos 1 1 a (( )ll 
- - 1ltO 
ro . sin 3 80, ( ap 
I 
In Figure 5.7 thc> maximum ion density occurs at 353 km, which is ru•arly equal 
to hm Fz, whilc> the maximum n/"' is lower than hm F2 by -70 km. Th i:; is d II<' to 
th<tt thc> ion nc>utral collision frc>quency decreases with altitudes. In Figure 5.1c both 
thf' gmvitational and Ex B t<'rms are negative at altitudi'S abovf> hrnl2 and positive 
below "'" 1•2 according to thP ion dC'nsity gradif>nt pNpPnclicular to the magrwtic 
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Fig. 5.7. Altitude variation of the integrands appearing in the expression of 
growth rate {see texl) as a function of distance from the equator a long the mag-
netic field line. Equatorial crossing altitude of the field line is 1600 km. 
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field line. Two terms, howevN, differs quantitatively; for the gravitational term the 
negat ive area looks larger than the positive area. (We should note that the figure 
is in linear scale on both horizontal and vertical axes and the cross sectional area of 
the Aux !.ttbe is already included in each term.) Such a quantitative result cannot. be 
expected from the simple two-layer model discussed previously. On the other hand, 
the negative value of the E x B term on the topside is so small that the contribution 
is almost negligible. The net positive growth rates at midlatitudes can be concluded 
to originate from the large Ex B term below the F layer peak . 
5.4. Comparison with obser va tions 
5.4 .1. Plasma blobs The calculations are compared with observations. We first 
discuss a possible generation mechanism of plasma blobs presented in Figure 5.1. From 
the viewpoint of plasma dynamics, irregularities are produced by convection of the 
magnetic flux tube. When the midlatitude ionosphere is unstable by the mechanism as 
described in this chapter, plasma depleted region in the bottomside drifts north ward 
and upward with respect to the ambient ionosphere by the polarization electric field. 
The local electron density gradient in the topside is reverse to the drift direction. Thus 
density enhancement appears in the topside, as a counterpart, which is connected 
with the magnetic field line passing through the bottomside depletion. The linear 
instabili ty theory just predicts undulation of density irregularities, and the isolated 
plasma blobs as observed are presumably generated by nonlinear process similarly to 
the case of equatorial plasma bubbles. 
For comparison between the theoretical results and observations, unfortunately, 
the number of plasma blobs detected by ISS-b is too small; well-defined events are less 
than 10. However, we arc able to discuss statistical results in the published material. 
The IIinotori satclli te observed fairly large number of plasma blobs ( 0YA el a/., 1986; 
WATANABE and 0YA, 1986). According to this, the blobs are observed mostly in the 
narrow lat.iLtHk region from 15°to :wo in both hf'mispheres (Figure :J of WATANA131~ 
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and OY.\ (1%ti)) , thou~h tlw properties at latitudi~S hight>r than "' :30° WP.rt' not 
oh~l'f\'l'd lwcause tlw orbital inclination angle of th1' satellite to the equatorial plant> 
is :11°. These latitudes rorr<>spond to the rims of the area. of equatorial spread F as 
shown in Figures 2.5 through 2.8. The plasma blob s hown in Figure 5.1 is associated 
with severe backscatter <>rhoes from the irregularil i<>s surrounding the space craft. 
1\pparcntly a fraction of the equatorial spread P &:;cussed in Chapter 2 is related 
with I he plasma blobs. 
Plasma blobs arc often observed in the winter topside ionosphere at subtropical 
latitudes (WATANABE and OvA, 1986). This may be accounted for as follows: The 
amount of the density enh<~nccment of plasma blobs in the topside ionosphere de-
pends on the local density gradient antiparallel to the direction of Ex B drift due 
to eastward electric fie lds. Generally a large equatorward gradient of the e lectron 
density is attained in the winter hemisphere by seasonal winds blowing from the sum-
mer hemisphere to the wint er one (e.g., Figure 5.4 of A:-tDERSON and RoBLE (1981)). 
Such density gradient is observed by ISS-b as presented in Figures 3.4 through 3.6. 
Purthermore the largest gradient appears at the longitudes of large eastward mag-
netic declination during northern summer season and westward declination during 
northern winter season. A~ we have discussed in d et ail in Chapters 3 and 4, grav-
itational Rayleigh-Taylor instability is greatly suppressed at these longitudes. This 
longit udinal variability of equatorward gradient is abo consistent with the longitudi-
nal distribution of the plasma blob as observed by tr inotori. 
Although blobs arc dclccled only in one hemis phere (WATANAOE and OvA, 
1986), if the convection of the magnetic field linc c reates the irregularities, small 
fi eld-aligned enhan cements arc anticipated in the other hemisphere. These irregular-
itit•s may be hard to det<'ct with plasma prob<'s, but nurse conjugate duclNl <'Choes 
( \ I t LDitEW, 1980a) as dis('U:s><'d n<>xt. 
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.). f . ..! Co IIJIL!Jtdf tlur.lrrl frltor..• Fi<•ld-aligncJ st ruct un• i~ one of l he pt'ctdiar 
featur<'s o f irr<>gularitics obsNvc•d by salellite-bornP topside tonosond<·s ( .\It LDJW\\', 
I!)G:l). Conjugate dueled l'cho<'s arc sometimes obscr\'<'d on ionograms allow- to lllid -
latitud<>s, which arc caus<>d by fi t' ld-rdigned irregularities <>xlcnd ing from on1' hemi 
sphere to the other. The topside sounding is a sensitive technique fo r detecting :mdt 
irregularities because a duct with a density discontinuity of a few percent in the 
dirff.tion perpendicular to the magnetic field line can trap lransrnttted wa,·es in it 
(.\-IULDREW, 1963). Therefore observations of conjugate dueled echoes are pcrtinl'nt 
to comparison with the instability calculations because irregularities with large am -
plitude, like a plasma bubble, are not expected other than at the equatorial latitudes. 
M ULDREW (1980a) examined a large number of Alouettc 2 topside ionograms and 
obtained some morphology on th e occurrence of conjugate ducts. There is a minimum 
in duct occurrence near L = 1.2 with respect to radial variation in his £-value ,·crsus 
local-time diagram. On the basis of the morphology, he concluded that the conjugate 
ducts with L ~ 1.2 could be associated with equatorial plasma bubbles, while those 
with L ~ 1.2 do not result from rising plasma bubbles. The altitude variation of the 
calculated growth rate shown in Figure 5.6 exhibits a negat ive or stable region ncar 
1100 km, which corresponds to L "' l.l I. Apparently the large growth rate at altitudes 
below 1000 km accounts for generation of plasma bubbles. At altitudes greater than 
1100 krn the growth rate of the instability is smaller than that in the low allitud~ 
region by one order. Tn the analogy to plasma bubbles (OssAJ<OW eL a/., 1070), 
it needs some 10 growth times to generate disturbance like a rising plasma bubbl<'. 
Thus larg<' disturbance may not occur at midlalitud es except when unusually large• 
electric fi e ld <>vents. However, srnall field-aligned density discontinuity could be easily 
generated through electromagnetic convection and downward (equatorward) dPnsity 
gradient in the topside ionosphere. Irregularities genNaiNI in such a way lnwP an 
intrinsica.lly fil'ld -aligncd nalun•. They remain whe re ! lwy aw gr.ncmtcd and do not 
tmv<'l far like• rising bubb l<>s. Tlrus present calculation r<>sults ilt.)l'l'e with the L-valul' 
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d ist ribu lton of <·onjugate ducts obsNved by l hr topside ionosond<'. 
Anotlwr tntNrsting fe;d un' of the conjugate duds pointed out by ~[ULD1t8W 
( l GSOn) is local time variation. The occurrence of d ucls for L?.. 1.2 tends to increru;e 
near 20 to 22 hours. while that for L ~ 1.2 increru;cs from 20 lo 02 hours. As seen 
in Figur<' 5.(), for L ?_1.17, lh<' gravitational term acts as a stabilizing factor and 
the Ex B term as a destabilizing factor when the electric fields are eastward. Thus 
for L?.. 1.17, generation of irregularities ceases when the electric field reverses from 
eastward to westward. On the other hand for L ~ 1.17, the gravitational term acts 
as a destabilizing factor irrespective of direction of the electric field. The net growth 
rate at these allitudes may be positive even after the reversal of the electric fields 
until the layer is moved to lower altitudes where the ion-neutral collision frequency is 
high. If the behavior of electric fields does not change with altitude or latitude, the 
present theory also agrees with the local time variation of the ducts observed. 
5.4 .3. M U radar observations Recently, field aligned irregularities have been ob-
served by the radar at Shigaraki, .Japan ( FUKAO el al., 1988, 1991). This radar, the 
MU radar, opC'rates at 46.5iv1Hz and is steerablc up to a zenith angle of 56° at which 
the radar beam is perpendicular to the magnetic field line. Intense echoes from field-
aligned irregularities are recorded as a range-time-intensity map. There are a variety 
of cases of apparent drift direction that is deduced from the gross feature of echo 
region, i.e., northward, southward, and stationary. However, fine structures always 
incline as th<'y drift northward when an intense echo region first appC'ars (FUI<AO el 
a/., 1 !)!) I). Doppler sb ifts corr<'sponding to a radial drift velocity of"' 1 00 mf s are also 
observed in ~OIIH' events (FUhAO r.i al., 1988, 1991). These observations indicate that 
the field-aligned irregularities •~re associated with cru;lward electric fi e ld events, which 
is consistrnt with theE x B instability present0d here. More direct comparisons be-
t ween Ex B drift velocity and midlatitudc firld-aligncd irr<'gularit ies are expected 
from tlw \ll radar facility at Slu~araki. 
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/i.4 .. f. Ongw of ihr clrcinc jirftl r~tllltllcrmf'nl.~ 
in Figure 5.:3 I'C'(jllirrs son1c contlll<'llls. Thrre are two origin::; of enhann'lll<'llls in tlw 
ca~twarcl electric fidd at night. On<' is due to ad ton of the F layer dynamo. and tlw 
other reflects p~'n,•tration of the magnetospheric fi<'lds . 
A model calculation based on the dynamo theory pr0dicts enhanc<'mC'nl of <>ast-
wa.rd electr ic fields near the equator in the evening hours ( IIEELIS eL (d., 197·1). The 
amplitude oft his el<.'ctric field <'nhancement is somewhat larger than ob~Nvations by 
the incoherent scatter (IS) radar at Jicamarca (FEJER d al .. 1979). Hctght variation 
of the equatorial electric fields, which is equivalent to latitudinal variation at the F 
layer peak, is studied both experimentally (PINGREE and FEJER, 1987) and theoret-
ically (~lURPIIY and HEELIS , 1986). Both studies predict that the enhancement of 
electric fields in the e\·ening hours becomes weaker at h1gher latitudes. Data u::~ed for 
these studies arc limited to sunspot minimum conditions. However, equatorial elec-
tric fields indicate a large day-to-day variation and change with solar activity, season 
(FEJER el al., 1979), and longitude (BATISTA el al., 1986). At any rate it is not clear 
that the F layer dynamo effect causes the midlatitude irregularities on the basis of 
information currently available. 
Direct evidence of the penetration of magnetospheric origin electric fields is pos-
sible by using data from the IS radar chain in the American sector ( Go'IZA LES el a/., 
1983; EARLE and h:Et.LEY, 198i). Al the midlatitudc station, Arecibo, the largest 
electric field amplitude reported corresponds to a northward Ex B drift velocity of 
UJ.N ?_ 100 m/s (GONZALES el a/., U)83; BEHNKE ei (d., 1985). If the Tllngn<'lic fields 
are assumed to b<' in a dipole geomC'I ty the northward Ex B drift vdocity in the 
rmd I at it udc ionosplwre, I'J..V, is re>lated to the equatorial 11 pward drift wlol'ity, l'p. in 
the Same magnetic meridional p(anr using the co(atilu<iP, 0, of the point <:OnCPrrJed 
as fo llows: 
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I, J. V = ~( --3----:::.,-:-8:-:) 1:-;/::-,, I 'p l + . cos- -
Thus theE x B drift \'elocity in the magnetic meridional plane O\'er Arecibo (8 ""60°) 
is about half the corresponding equatorial upward drift velocity. The i\bO\·e observed 
amplitude of ek'Ctric field is abou t Hve times the enhanced electric field given in Figure 
5.3. U nfort unatcly, it is not clear how often such a large disturbance in electric fi e lds 
occurs. 
At night , h' F scaled from the ionogram is a good indicator of short term change 
in the elect ric fie ld , and we have a much larger data base than the IS radars. Anoma-
lous variations of h' F and corresponding foF2 in the evening hours associated with 
magnetospheric disturbances are presented by using data from the lower-midlatitude 
ionosonde station chain in Japan's sector (TANAKA, 1986). Variations appear as an 
enhancement of the eastward e lectric field. These ionospheric disturbances are inte r-
preted as a penetration of magnetospheric electric fields into low latitudes. During one 
of these e\'enls mid latitude irregularities indicating a field-aligned duct were observed 
by the topside ionosonde onboard ISIS 2 after the eastward electric field enhancement 
(TANAKA, 1987). 
5.5. Con cl u din g r emarks 
The non-local theory of equatorial spread F developed in Chapter 4 is applied to 
the off-equatorial and mid latitude ionospheric instability. The gravit<ttional Rayleigh-
Taylor mode is stable at latitudes higher than the crests of the equatorial anomaly, 
while the E x B mode is unstable at all latitudes wh<'n the electric fields are eastward. 
Net instability growth rate is negative in the narrow region around the magnetic field 
line that cross<'S the eq uator at 1100 km and p<'n<'lmles the F layer peak ncar 18° in 
magnetic I at it ude. In lower and hi~her latitude regions of the crest:;, the ionosphere 
b~>conws unstahl<'. In the lower latitude region tht• instability accounts for generation 
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of pli\.'Sma buhbl(>s, while in tlw higher latitude rl'gion it accounts for ~l' rlt'ration of 
conjrrgate plcu;rna ducts, plasma blobs in the topsidP ionosphcr<', and rnrdlatitud(' 
bottomsiuc sprl'ad /'. 
At the Ialit ud<•s ncar the rims of the equatorial spread F region. which are ....... :wo in 
magnetic latitude, presumably both effects coexist; nonlinear traveling of the plasma 
bubble from th<' cq uator and Ex B drift instability <IC'veloping at those lett itudcs. 
The growth rate at midlatitudcs. which is a function of the eastward el<'clric field, 
is generally smaller than that for equatorial plasma bubbles by one ordt>r. The small 
growth rate is consistent with the latitudinal distribution of spread P shown in Figures 
2.5 through 2.8 and the fact that severe scintillations are rare events at rnidla.titudcs. 
However, in an unusually large eastward electric fi e ld event, intense irr<'gu larities and 
gigahertz scintillations can occur. even at off-equatorial and midlatitudes. 
Chapter 6: Conclusions 
6.1. Exp erime n tal r esults 
The topside ionosphenc ~ounding by the ISS-b satellite first allowed to in\'estigatP 
complete worldwide morphology of equatorial spread F (ESF). which ytelded fairly 
clear picture of a coupled seasonal-longitudinal effect of ESf: during northern wintt"r 
season the ESF activity is high at the Atlantic longitudes where the geomagnetic fit•ld~ 
have large westward declination; during northern summer season the longitudinal 
peak of ESF activity mo,·es to the Pacific longitudes where the geomagnetic fields 
have large eastward declination; and during the equinoxes the ESF activity is high at 
the Indian longitudes where the magnetic declination angle is small. 
Also revealed from the ionograms are the abrupt plasma depletions associated 
with severe back scatter echoes at zero range, which are ascribed to the encounter 
with a plasma bubble. The plasma bubbles are the results of nonlinear evolution of 
the Rayleigh-Taylor instability, which is considered to be a primary mechanism to 
generate equatorial spread } . The positions of the plasma bubble encounter coincide 
with t he areas of high ESF activity. Another category of plasma irregulatities at the 
satellite height is the localized plasma enhancement or blob. The generation of plasma 
blobs can not be explained by any previous theories. The generation of the plasma 
blobs is discussed with theoretical and numerical calculations as described later. 
The background ionospheric configuration is examined by the same ionosondf! 
data, wh ich may be connected with the cause of the seasonal-longitudinal effect of 
ESP. It is found that the t"lectron d<'nsity distribution in the magnetic meridional 
plane is symmct 1 ic with respect to the magnetic <'qua.tor when and wh<'rc the ES F 
activity t"nhancemcnt is seen, while it is asymmetric wh<'n and where the ESF ac-
tivity is low. This morphological connection bt"tWN' n the larg•· scale slructurP. and 
ESF suggests t hat a t ransPquat orial component of thermosp iH'ric winds in th(' mag-
netic nwridional plane plays a role in suppression of lh•! growth of the !!;ntvitattonal 
l 11 
142 Clwpfrr 6: Conclu.~ions 
R<tylcigh-Taylor instability and the ESF activity. A plausib le mechanism of the in-
stability suppression is the incrC'ase of Pedersen conductivity integrated along the 
rn;tgnctic field line that is due to thP lowering of the ionospheric height in the lee 
side hemisphcrP. Therefore absence of a transequatorial thcrrnospheric wind is one 
of the important necessary conditions for the growth of equatorial spread F. Such 
condition tPnds to be satisfied at the Atlantic longitudes during the northern winter, 
at the Pacific longitudes during the northern summer, and at the Indian longitudes 
during the equ inoxes, where the directions of the thermospheric diurnal winds in the 
nighttime F region tend to be perpendicular to the magnetic meridians following the 
seasonal migration of the therrnospheric pressure bulge. 
6 .2. Computational r esults 
The mechanism proposed to take account for the seasonal-longitudinal effect 
of ESF is further investigated. For this purpose, we have developed a diagnostic 
model and applied it to the ionosphere using parameters determined by solving a 
continuity equation under variable conditions including ambient electric fields and 
transequatorial thennospheric winds. The instability model contains effects from F 
region plasma away from the equatorial plane and the E x B drift effect. 
umerical calculations are made with realistic electric field model based on the 
observations at J icamarca and Fortaleza and thermospheric wind based theoretical 
calculations. The results have shown that the transequatorial wind and the E x B 
drift are equally important for controlling the generation of ESF. A large wind veloc-
ity significantly reduces the instability growth rate, even if a large upward Ex B drift 
velocity is npplied. Some properties of ESF at .) icamarcil. and other stations close to 
it can be explain ed in terms of the seasonal change in Ex B drift velocity irrespective 
of the wind effect. A morphology over all seasons, however, indicates much better 
agrN'Jn<'nl with lite calculations including the wind effect. On the other hand, with-
out lakin~ account of I he wind c>ffect, the seasonal dependence of the occurrence of 
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eqnalorial spread Fat Fortaleza cannot be explained by the E x B drift effect only. 
An instabi lity model incorporating both Ex B drift and wind effects can explain tlw 
observed seasonal trend. 
The above results can be extended at all longitudes. Since the transequatorial 
component of the therrnospheric wind in the magnetic meridional plane is determined 
by the magnetic declination angle at e,·ery longitude, the magnetic declination effect 
of ES F or a seasonal- longitudinal effect of ESF may be well explained by the wind 
effect investigated here. However, a possible longitudinal change in the Ex B drift 
pattern could be equally important and is not known at this time. 
The non-local theory of linear plasma instability developed for the equatorial 
latitudes is applied to the off-equatorial and midlatitude ionospheric instability. The 
gravitational Rayleigh-Taylor mode is stable at midlatitudes higher than the crests of 
the equatorial anomaly, while the Ex B mode is unstable at all latitudes when the 
electric fields are eastward . As a result, the net instability growth rate is negative in 
the narrow region around the magnetic field line that crosses the equator at llOOkm 
and penetrates the F layer peak near 18° in magnetic latitude. In lower and higher 
latitude regions the ionosphere becomes unstable; in the lower latit nde region the 
instability accounts for generation of plasma bubbles; while in the higher latitude 
region it accounts for generation of plasma ducts, plasma blobs observed in the topside 
ionosphere, and mid latitude bottomside spread F. 
At the latitudes ncar the rims of the equatorial spread F region, which are "'20° in 
magnetic latitude, presumably the following two effects coexist: nonlinear evolu tion 
of the plasma bubble from the equator and Ex B drift instability growth at those 
latitudes. 
The growt h rate at midlatitudes, which is a function of the eastward Plectric 
fi e ld, is generally one order of magnitude smaller than that for equatorial plasma 
bubbles. This small growl h rate is consistent with the latitudinil.l distribution of 
spread F shown in Figures 2.5 through 2.8 and the fact that severe :;cintilla.tions arc 
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rare events at midlatitudes. However, in a quite large eastward electric field event, 
intense irregularities and gigahertz scintillations can occur, even at off-equatorial and 
midlatitudes. 
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